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 This project looks into the possibility of using the selective laser melting 
technique to fabricate bulk parts using lithium aluminosilicate glass powder. Specifically, 
the aim of the current work was to study the mechanism of densification during selective 
laser melting, and to perform phase characterization studies after laser irradiation of the 
glass.  
 
 The initial part of the work involved fabrication of the glass powder in the 
laboratory, using conventional means (melting of raw materials, grinding and mechanical 
milling). Powder batches of various size ranges were prepared, and characterized in terms 
of particle size and morphology, phase and chemical composition and thermal behaviour.  
 
 Single line scan experiments were performed by traversing the powder bed with 
the laser once. Varying combinations of laser power and scan speed were used with the 
different powder batches. Surface and internal examination of the sintered/melted regions 
was performed. Results showed that when using large particle size, the melt formed 
spontaneously consolidated into spheres regardless of incident laser energy density. This 
was attributed to incomplete melting through the depth of the powder bed. Melting of the 
powder bed without the “break up” of the scan tracks into spheres could only be achieved 
when the starting powder particle size was extremely small (typically in the range of 2-
20µm), and when a slow laser scan speed (about 10mm/sec) was used. In this case, the 
internal regions of the scan tracks contained fully dense material. However, using such a 
 ix
small particle size resulted in vapourization of the glass powders by the laser, with the 
heat-affected zone surrounding the laser causing the observed melting of the powder bed.    
 
 Next, single layer coupons were fabricated using varying laser parameters with 
the powder batch of small particle size. Surface analysis of the coupons showed that there 
was good bonding between the scan lines. However, pores were seen parallel to the laser 
scan direction, due to vapourization of material. The melted depth increased with 
increasing laser energy density.  
 
 Finally, bulk parts were built layer by layer. At lower laser energy densities, the 
parts had a relatively smooth surface, but with large gaps between the layers. With 
increasing laser intensities, the bonding between the layers improved. The densification 
regime changed from one in which viscous coalescence of the powders took place, to one 
in which there was complete melting of the powder particles. X-ray diffractometry 
performed on the bulk parts fabricated under lower laser energy densities revealed that 
the parts were amorphous. In contrast, parts fabricated under high laser energy densities 
were crystalline. Bulk glass pieces were cut into regular shapes and exposed to high laser 
irradiation. X-ray diffraction and Raman spectroscopy results of the irradiated surface 
showed that a crystalline TiO2 phase was formed. Energy-dispersive X-ray spectroscopy 
and X-ray photoelectron spectroscopy revealed that after exposure to intense laser 
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 There has recently been much research devoted to finding novel ways and means 
to process and fabricate materials efficiently. This has come about due to certain 
limitations imposed by traditional techniques. Conventional machining can only be used 
when the required part is symmetrical, and external machining of the part is sufficient in 
achieving the final shape. Tool motion, coupled with non-optimal fixturing, may lead to 
vibration of the part during machining, resulting in poor surface finish and tolerance 
control. Well-established fabrication methods such as casting and extrusion are suited for 
large-scale (industrial) manufacturing of parts. In cases where only a small number of 
parts are required, the heavy cost incurred during tool and mould fabrication may not be 
justified. There has also been a need to save energy and resources for the future. Many 
conventional techniques utilize more energy than is necessary for processing, with the 
consequence that there is excessive wastage of resources. Near net-shape manufacturing 
techniques offer a possible means to circumvent some or all of the shortcomings 
associated with conventional manufacturing techniques [1].  
 
Many near net-shape manufacturing techniques have been developed. A near net-
shape manufactured part is one that can be fabricated according to the final dimensions of 
a desired shape, with no or minimal post-processing. Among the many near net-shape 
manufacturing techniques available, solid freeform fabrication (SFF) techniques are of 
current interest. Examples of SFF techniques are selective laser sintering (SLS), fused 
deposition modeling (FDM), 3-Dimensional Printing (3DP) and Stereolithography (SL). 
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This group of processing techniques does not rely on the use of tooling to aid the 
fabrication of a bulk part. Instead, part fabrication occurs in a layered manner, using data 
directly obtained from a computer-aided design (CAD) drawing of the required part. The 
CAD model is sliced into numerous layers, and the geometry of each of the layers forms 
the input data during the fabrication process.  
 
SLS is one of the most widely used SFF techniques currently available. In this 
process, a laser beam traverses a powder bed containing loose powders of the required 
material line by line, and sinters the powder particles to form a single layer. By adopting 
a repetitive process of depositing, layering and sintering the powder particles, a bulk part 
is formed [2]. SLS has been used to fabricate polymeric, metallic and ceramic parts. To 
date, most of the work performed uses the SLS technique to build bulk polymeric or 
metallic parts. Polymeric materials soften at very low temperatures, and as such, are 
suited for processing by SLS. Metallic parts have been fabricated by incorporating SLS 
with liquid phase sintering, such that the laser melts a low melting-point powder 
component, which acts as a permanent binder for powders of the higher melting point 
component [3]. Fabrication of bulk ceramic parts by SLS is more difficult. The very high 
melting temperatures and long sintering times needed for densification of ceramic 
powders necessitates the use of polymeric binders during SLS. Post-SLS processing 
steps, such as binder removal, have to be performed in order to obtain the final part. 
Avoiding such steps may result in time and cost effective savings. One way of achieving 
this is to melt and deposit powder particles using a laser. Different forms of this 
technique are available, such as selective laser melting (SLM), and direct laser fabrication 
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(DLF). In SLM, the laser causes melting of powder particles in a powder bed. In DLF, 
metallic powders are fed under controlled conditions into the focal point of a laser. 
Material build-up occurs by deposition of molten powder droplets [4]. Both these 
techniques build parts in a layered manner, and have been successfully commercialized. 
Efforts are now being made to expand the range of materials that can be fabricated using 
these techniques.   
 
1.2 Scope  
There have been various applications involving the use of lasers and glasses. 
Lasers have been used extensively in industry to perform cutting or drilling of a wide 
variety of materials, including glasses [5]. More advanced uses include the fabrication of 
precision optical devices by lasers. For example, F2 lasers have been used for the 
micromachining of glass parts used in the photonics industry [6]. More recently, plasma-
spraying techniques have been used to deposit glass powders, to produce glass coatings 
on various substrates for wear resistant applications [7]. However, until now, there has 
been no research conducted on near net-shape fabrication of bulk parts using lasers and 
glass powders, without the use of polymeric binders. As such, the present research aims 
at investigating the possibility of using the SLM technique to fabricate bulk porous 
performs or dense parts made from glass powders. Particular emphasis was placed on 
understanding the fundamental densification mechanism during laser processing.  
 
Lithium aluminosilicate (LAS) glass was used for the laser deposition tests. LAS 
glass powders were initially fabricated in the laboratory, and characterized using 
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scanning electron microscopy, X-ray diffractometry, differential scanning calorimetry 
and X-ray photoelectron spectroscopy. Powder batches of different particle size range 
were prepared for use during the laser processing experiments. 
 
A CO2 laser was used to melt and deposit the powders. Initial efforts involved 
establishing the laser processing parameters that would result in melting of the glass 
powders. For this, single line scans were performed using the various powder batches. 
Subsequently, single layer coupons were fabricated, and their surface morphologies were 
analysed and linked to the results obtained for the single line scans. Finally, a bulk part 
was built up using varying laser parameters.  
 
Microstructural characterization of the single line scans, single layer coupons and 
bulk parts were done using a Deltronic video inspection unit and scanning electron 
microscopy. X-ray diffractometry, X-ray photoelectron spectroscopy, Raman 
spectroscopy and differential scanning calorimetry were used to detect any phase changes 
occurring during laser processing of LAS glass. 
 
1.3 Organization of the thesis 
This thesis has been organized in the following manner: 
  
Chapter Two provides a summary of conventional ceramics forming techniques, 
and looks at the various near net-shape manufacturing techniques that have been 
developed for ceramics. Issues pertinent to the SLS/SLM process (such as heat transfer 
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and candidate material requirements) are also discussed. This chapter ends with a 
description of the work undertaken in this project. 
 
Chapter Three describes the detailed experimental set-up and procedures adopted 
throughout the course of this project. This includes fabrication of the LAS glass powders, 
single line laser scans, fabrication of single layer coupons and bulk parts. The relevant 
characterization equipment used throughout the project is also mentioned. 
 
Chapter Four presents the results obtained during characterization of the prepared 
powders. In particular, the powder particle shape and size, phase, chemical composition 
and purity and thermal properties are mentioned. 
 
Chapter Five presents the results obtained during single line scans and fabrication 
of single layer coupons, using the various powder batches and varying laser energy 
densities. Based on the results, an understanding of the densification mechanism is 
established. Also, various phenomena occurring during laser irradiation of the glass 
powder is investigated.  
 
Chapter Six presents the results obtained when fabricating a bulk part with the 
prepared glass powders using different laser energy densities. In particular, interlayer 
bonding and phase characterization of the parts are looked into.   
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Chapter Seven investigates the occurrence of phase transformations during laser 
irradiation of bulk glass pieces. This chapter serves to support the findings of any phase 
transformation occurring during the fabrication of bulk parts using the glass powders, 
which is discussed in Chapter Six.      
 
Chapter Eight presents the conclusions of the present work, while chapter nine 






















 Ceramics are a group of materials that are made up of various metallic and non-
metallic elements, bonded to each other through ionic (transfer of electrons) or covalent 
(sharing of electrons) bonds. Some of the basic characteristics possessed by this group of 
materials are their relatively low densities, high melting points, high strength and 
hardness, and high resistance to wear. Ceramics are the potential materials in the 
application where the operating conditions impose constraints or restrictions on the use of 
other materials. The use of ceramics dates back to ancient times, when man used simple 
means to shape soft clay for various purposes. Nowadays, ceramics find widespread use 
in many common, everyday applications, such as in cutting tools, and in automobile 
internal combustion engines. Transparent glass optic fibres are used widely in the 
communications industry, as they facilitate the rapid transfer of large amounts of 
information quickly and over large distances. High-end technology also relies heavily on 
the use of ceramics. The thermal tiles found on the space shuttle are made of silica-based 
ceramics. The semiconductor industry relies heavily on the use of ceramic materials for 
integrated chip (IC) fabrication.  
 









2.2 Classification of ceramic materials 
 
 Due to the very broad range of ceramic materials, it is imperative to classify them 
into various categories [8]. For example, traditional clays and porcelain are grouped into 
a category known as whitewares. Refractory ceramics are those used in high 
temperature furnaces, and include materials such as mullite (3Al2O3.2SiO2), which is a 
compound formed between silica and alumina. Advanced ceramics include materials 
such as silicon nitride (Si3N4), silicon carbide (SiC) and zirconia (ZrO2). These ceramics 
possess certain unique properties (i.e. electrical, magnetic and optical properties), which 
enable them to be used in advanced, technological areas. Abrasives are ceramics that are 
used to remove material, by grinding or wear, during shaping and forming processes. 
Examples that fall into this category include silicon carbide (SiC) and tungsten carbide 
(WC). Cements are materials that when mixed with water, and allowed to settle, become 
extremely hard. Glasses make up the last category of ceramic materials. In some cases, 
there is no clear demarcation between specific ceramic materials that fall into any one 
category, especially for materials that come under the advanced ceramic category. For 
example, SiC may be used as an abrasive, while it could also be used as an advanced 








2.3 Conventional ceramic-forming techniques 
 
 Conventional ceramic shaping and forming techniques may be classified broadly 
into two categories: 1) glass-forming techniques, and 2) particle-forming techniques.  
 
2.3.1 Glass-forming techniques 
 
 Techniques used to form glass are relatively simple. Well-established techniques, 
such as pressing, blowing or drawing, are used. Glasses are fabricated by mixing and 
melting the necessary raw materials at very high temperatures for long durations to 
homogenize the melt and make it pore free [9]. Once this has been achieved, the molten 
glass is slightly cooled, such that its viscosity increases compared to that during the initial 
melting process. The temperature and corresponding viscosity are chosen so that it is easy 
to shape the glass, using the techniques aforementioned. Pressing involves the 
deformation of the soft glass under applied pressure, with the help of a mould of the 
required shape. Blowing uses a jet of high-pressure gas, which causes the soft glass to 
conform to the shape of a mould. This technique is often used to make glass bottles. 
Drawing is a technique that harnesses the high viscosity of molten glass. Rollers present 
in the draw machine ‘pull’ the molten glass out of a glass bath. The drawing method is 
common when flat glass sheets are required.      
 
 The shaped glass is still amorphous in nature. In order to transform this glass into 
a crystalline structure, certain heat-treatment procedures are adopted. The resulting 
material is known as a glass-ceramic, and its properties are generally better than that of 
the original glass. The heat-treatment procedure is temperature and time dependent, and 
results in the initial nucleation of a crystal phase. Once these nuclei have been formed, 
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the remainder of the originally amorphous glass can ‘grow’ upon these nuclei, to give a 






    
 
 
 (a)        (b)            (c) 
 
Fig. 2.1: Stages of heterogeneous nucleation, showing (a) the parent glass, (b) the 
precipitation of nuclei amidst parent glass, and (c) subsequent crystal growth upon 




2.3.2 Particulate-forming techniques 
  
Most other ceramics are made using powder techniques, such as dry-pressing or 
cold isostatic pressing (CIP). These two processes are similar, and involve the pressing of 
ceramic powders in a die, so that the particles conform to the shape of the die [10]. The 
ceramic particles may be mixed with a binder, such as water or some kind of polymeric 
material, so that the mixture becomes soft. Normally, dry pressing can only produce parts 
that have relatively simple shapes, and these parts have to be subjected to some kind of 
material removal process in order to obtain final parts with complicated shapes. Clays 





2.4 Near net-shape manufacturing techniques for ceramics 
  There has been recent interest in near net-shape manufacturing techniques for 
making fully dense parts from ceramic materials due to the increasing demand for 
complex-shaped ceramics that cannot be fabricated by simple means. Parts with 
extremely complicated shapes may require expensive moulds, which may not be 
economically viable. Also, it is not viable to perform machining of bulk ceramics due to 
their inherent brittle nature. If machining is involved, extreme care and caution has to be 
practiced to ensure that damage is not done to the part. Machining of brittle materials can 
only be performed under very stringent conditions [11,12]. This is in contrast to metals, 
which by virtue of their ductility, may be subject to a wide variety of forming and 
shaping processes. The powder metallurgy route that is used to make bulk ceramics may 
result in flaws, such as pores that are retained in the final part, and such flaws may lead to 
catastrophic failure of a part upon machining. The very high wear resistance of ceramics 
makes it difficult for material removal by grinding or polishing. Diamond is normally 
used as an abrasive to remove material in order to shape ceramics. However, the use of 
diamond comes at a high price, and has only been justified in a selected number of 
applications. There is thus a need to find new and improved ways to encompass all the 
basic requirements (i.e. ability to produce complicated shapes, with high density and 
strength, using a simple technique with minimal cost) into a single processing method, 
such that this method can alleviate the problems associated with conventional ceramic 
forming techniques.  
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Near net-shape manufacturing techniques for ceramics may be divided into two 
broad categories: 1) mould or die techniques, and 2) solid-freeform fabrication techniques 
[10]. The following gives a few examples of the more commonly established fabrication 
processes that are currently available for near net-shape manufacturing of ceramics. The 
first few techniques (e.g. slip and tape casting, injection moulding, gelcasting, and 
displacive compensation of porosity) are mould-based techniques, while other techniques 
(e.g. selective laser sintering, fused deposition modeling and stereolithography) are 
classified as solid-freeform fabrication techniques. Some of the merits and demerits of 
each of the methods are discussed. 
 
2.4.1 Slip/Tape/Centrifugal Casting 
 
Slip casting, tape casting and centrifugal casting probably form the most 
traditional of near net-shape manufacturing techniques for ceramics. The common feature 
of these methods is the need for the ceramic powder to be mixed with some kind of 
binder, such as water or a polymer, so that a slurry is formed. The wet slurry is needed to 
facilitate the shape forming process. As is the case for any casting process, a mould is 
required. In slip casting, the slurry is poured into a porous mould, such that the water 
present in the slurry is able to drain off through the pores present in the mould. Through 
this process, the ceramic powder will slowly form cast layers on the surface of the mould, 
eventually building up the bulk part. An associated problem with conventional wet-
casting techniques is the tendency for the powders to rearrange themselves as the wetting 
agent (ie. water or polymer) flows through the packed particles. This is especially so if 
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the particle size is not spherical, or if whiskers are used, and might lead to segregation of 
material and inhomogenieties in the cast part [13].         
 
Once the cast or green part has been obtained, it is removed from the mould and 
subjected to a firing process, to increase its density. The firing process may induce 
cracking of the green part. It is thus important to optimize the conditions used during the 
firing stage, so that the final part has high strength and density, with minimal flaws. 
 
2.4.2 Injection moulding 
 
 Injection moulding is perhaps the most widely used technique currently available 
in industry, which can produce large quantities of complex-shaped parts made of ceramic 
powders. These powders are initially mixed with a binder (normally a polymeric 
material), so that the entire mixture is relatively viscous. The shaping operation is 
performed by applying pressure and injecting the mixture into a non-porous, solid mould. 
Many parameters influence the microstructure and properties of the green parts obtained 
after moulding, such as the initial solid loading content and binder formulation [14]. A 
major drawback of this technique is the need for the polymeric binders to be removed 
after the shaping operation is complete. As relatively large amounts of binder are 
normally required to lower the viscosity of the mixture, these binders get retained in the 
as-moulded part. In the process of debinding, defects such as pores may be generated in 
the structure, and may consequently lead onto other problems, such as shrinkage and non-
conformity to the original shape.          
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2.4.3 Gel casting 
  
 Gel casting is a near net-shape manufacturing technique that has been widely used 
in the ceramics area recently. This technique was developed by the Ceramic Processing 
Group at Oak Ridge National Laboratory (ORNL) in 2000. The gel casting technique 
consists of mixing of a ceramic powder in a solvent (such as water), in which monomers 
and cross-linkers have been previously dissolved, to form a slurry. A catalyst and initiator 
is subsequently added to the slurry, and the entire mixture is immediately cast into a 
mould. The monomers polymerize and the slurry transforms from a liquid into a wet gel 
(known as a hydrogel) upon slight heating. The gelled part is eventually dried, and 
removed from the mould to give the final product [15].  
 
 Gel casting is beneficial compared to more traditional casting methods (such as 
slip casting), due to the following reasons: 1) this method offers the possibility of 
forming products that have homogeneous composition throughout, 2) the green strength 
of the moulded part is also much higher than that obtained through slip casting, as it 
allows for the incorporation of higher amounts of ceramic powder, 3) the amount of 
organic material formed during polymerization is very small, and as such, fewer 
problems (such as shrinkage) are encountered during the debinding process [16]. 
 
 Some important parameters are crucial to the gel casting process, such as the 
initial solids loading of the slurry (ie. how much ceramic powder is added to the initial 
monomer solution), control over the gelation reaction, and the choice of the mould 
material. Generally, a compromise has to be met, to have a high solids loading content to 
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achieve high green densities, while maintaining as low a viscosity as possible for the 
slurry to facilitate its pouring into the mould. Gel casting has been successfully applied to 
a wide range of ceramics. Xie et al. [17] reported the use of the gelcasting technique to 
form complex shape silicon nitride bonded silicon carbide (SNBSC) ceramic materials 
that have the potential to be used in high temperature refractories. Piezoelectric (PZT) 
ceramics were also fabricated by Guo et al . [18] using the gel casting technique.  
 
 
2.4.4 Displacive Compensation of Porosity (DCP) Process 
 The DCP technique is used to fabricate complex shaped ceramics or 
ceramic/metal composites that have a high content of the ceramic phase. This technique 
involves shaping or forming of a porous ceramic preform using conventional techniques, 
followed by infiltration of molten metal into the preform. Heating the system at various 
temperatures for varying time periods induces a reaction between the ceramic material 
and the infiltrant, and the products formed through this reaction fill up the porosity 
present in the initial ceramic preform. It is important to choose reactions in which more 
ceramic volume is produced, than that which is consumed during the reaction. The 
general displacement reactions should proceed according to the following reaction: 
 
   x{M} + NOy (s)           xMOy/x (s) + {N}  (2.1) 
 
In this reaction, M represents the liquid metal infiltrant, while NOy is the material of the 
initial ceramic preform. The volume consumed by one mole of ceramic preform material 
must be less than volume occupied by the x moles of the reaction product MOy/x formed. 
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The difference between the volume occupied by the reaction product, and the volume 
consumed by the initial ceramic material, goes into filling up the porosity that was 
initially present, and does not cause any change in shape or form of the original ceramic 
preform. This is probably the biggest advantage of this process. Examples of systems that 
have been successfully processed by this technique include MgO/Mg-Al composites [19]. 
The starting materials for the formation of such ceramic composites are Al2O3 and 
magnesium disks. Other examples of ceramic composite systems that have used this 
technique are ZrC/W composites. In this case, the initial porous ceramic perform is made 
from WC, while a Zr-Cu liquid is infiltrated into the preform. The reaction produced 
during heating results in the formation of the ZrC/W composite. Such composites find 
end applications in aggressive, high temperature environments, such as nozzles of solid-
fueled rockets.    
 
 
The remaining processes describe near net-shape manufacturing techniques for 
ceramics that use solid freeform fabrication techniques. The common feature shared by 
all these processes is the layer-wise nature of material buildup i.e. powders or ceramic 
slurries are deposited in a layered manner, eventually leading to the formation of the bulk 
part. 
 
2.4.5 Selective Laser Sintering (SLS) 
 
 SLS is one of the pioneering solid freeform fabrication techniques, which was 
invented by Deckard [20] and commercialized by DTM Corporation. This process starts 
off with a computer-generated (CAD) model of a 3D part. This model is sliced into 
numerous layers, each representing a 2D cross-section of the original part. Loose powder 
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of the required material is deposited onto a movable piston and layered to form a flat 
powder bed. The heat from a laser beam is used to fuse or sinter the powder particles 
together. The path traversed by the laser beam is controlled by a computer, such that the 
laser will only selectively scan and sinter the desired regions of a particular layer, 
corresponding to the geometry of that layer as obtained during the slicing process. Each 
layer is scanned line-by-line, causing the powder particles to fuse with one another. Once 
a particular layer has been sintered, the piston moves down a small amount. A fresh layer 
of loose powder is deposited and layered, and subsequently scanned by the laser in the 
required regions. This results in the simultaneous coalescence of particles within a certain 
layer, and bonding taking place between the individual layers. Repeating this process 
over numerous layers eventually yields the bulk part. The unsintered powder provides 
support for the part during fabrication, and is merely brushed away once the final part is 
obtained. As the geometry of each of the layers obtained during slicing may be different, 
this technique offers the possibility of making bulk parts that have complex geometries. 
    
 The main benefit of using the SLS technique is its versatility, in terms of the 
range of materials that may be processed [21]. SLS was initially developed for processing 
of parts made from thermoplastic polymers, in a process known as rapid prototyping 
(RP). As its name suggests, the parts made were only prototypes, used during the product 
conceptualization and design stage, and could not be used for functional, commercial 
purposes. However, SLS has since been expanded into the area of rapid manufacturing 
(RM), whereby fully functional components with a high level of density and interlayer 
strength are capable of being processed. SLS of metallic and ceramic powders inevitably 
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uses thermoplastic polymeric binders to aid in the fabrication process. Other techniques, 
such as infiltration or hot isostatic pressing (HIPping) are also used to aid the SLS 
process, so that fully dense parts may be obtained. HIPping is a common technique that 
has been used to achieve full densities through the combination of high temperature and 
pressure. Das [22] used the SLS/HIP technique to fabricate high performance metal 
components made of Ti-6Al-4V alloy that could be used as sidewinder missile housings. 
 
There have been a relatively large number of parts made of ceramics that have 
been fabricated using the SLS technique. Agarwala [23] used the SLS technique to 
fabricate porous performs of YBa2Cu3O7-x ceramic superconductors, and subsequently 
infiltrated the parts with Ag at 970°C to form a dual superconducting composite. Nelson 
[24] used a polymethyl-methacrylate (PMMA) binder for the SLS of SiC powders, and 
found that the strength and density of the green body depends on the polymer content in 
the initial ceramic-polymer powder mixture.          
 
 
2.4.6 Fused Deposition of Ceramics (FDC) 
 
 Fused deposition of ceramics is similar to SLS, in which the initial CAD drawing 
of the part is sliced into numerous layers. The starting material for this process is a 
filament, which consists of the ceramic particles loaded with thermoplastic binders of the 
appropriate composition. This technique uses a heated nozzle to cause the binders within 
the filament to melt. Deposition of the molten binder is done on a platform. The nozzle is 
capable of moving in the x-, and y- directions, and its motion is controlled by the 
geometry of a particular layer as obtained during the slicing process. The platform will 
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move a small amount in the z- direction once the nozzle has finished depositing material 
in a particular layer. Once the bulk part has been formed, these parts have to be heat-
treated at elevated temperatures, so that the binders may be vapourized, and in order for 
the green part to have a reasonably high density.     
  
Numerous methods of depositing the filament containing the ceramic powders 
have been developed. In some cases, direct deposition of the ceramic filament is 
performed according to the CAD drawing of the required part. This technique is called 
Fused Deposition of Ceramics (FDC). In other cases, fused deposition modeling (FDM) 
has been used to make polymer/wax moulds, in which a slurry containing the ceramic 
powders is cast. The cast slurry is then allowed to settle, after which the bulk part formed 
is heat-treated at elevated temperatures [25]. Most of the work done on FDC involves the 
fabrication of complex shaped piezoelectric (PZT) ceramic materials [26].    
 
 
2.4.7 Stereolithography  
 Stereolithography (SLA) is a technique that uses an ultraviolet (UV) laser to 
polymerize liquid monomers present in solution. Ceramic particles of the appropriate 
amount may be suspended in the solution, and the polymerization process causes the 
green part containing the ceramic particles to be held together. The build up of a bulk part 
occurs layer by layer. The entire suspension (containing ceramic particles present in the 
monomer solution) is initially contained in a tub or vat, and the layers that are formed 
upon laser scanning are lowered with the aid of a support platform submerged in the tub. 
Complex-shaped ceramic parts have been successfully fabricated by this technique [27]. 
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There are a few other techniques available, which can fabricate ceramic 
components on an industrial level. These techniques do not rely on mould-based, or 




 Joining is another means of mass-producing ceramic components, with minimal 
use of post-fabrication machining operations. The process involves using a suitable 
material as a bonding agent or filler to “hold together” various parts made from the 
required ceramic materials. Ceramic-to-ceramic or ceramic-to-metal bonding may be 
achieved by techniques such as brazing. There are other techniques available, which 
make joining possible. Glaeser [28] developed a technique that uses transient liquid phase 
sintering to bond ceramic articles, such as Si3N4, together. This technique consists of a 
refractory material and two separate metal layers, which collectively take on the role of 
the bonding material, and are placed in between the ceramic articles to be bonded. Upon 
heating at the appropriate temperature, the refractory material reacts with the molten 
metal, forming a single solid bond that holds the two ceramic parts together.      
 
2.4.9 Electrophoretic Deposition 
 This technique is useful for obtaining a wide range of ceramic structures, such as 
ceramic-matrix composites, ceramic coatings and functionally graded materials, in a 
variety of shapes and forms. It is based on the phenomenon of electrophoresis, which 
involves the migration of charged particles towards an electrode, when an electric field is 
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applied to an aqueous suspension containing the particles [29]. The particles will deposit 
themselves on the electrodes (which may be of the required complex shape), and by 
controlling various parameters, such as the electric field strength, and initial solids 
loading of the suspension, the desired properties of the green part may be obtained. The 
green parts are then removed from the electrode and dried or sintered further.  
 
2.5 Selective Laser Melting (SLM) 
 Selective laser melting (SLM) is another technique that may be used to produce 
near net-shape bulk parts. SLM is similar to that of SLS, except that the laser parameters 
are set such that the heat from the laser beam causes total melting of the powder particles 
(i.e. the powder particles become soft and can flow relatively easily) [30]. This is in 
contrast to SLS, in which the laser beam merely causes diffusion or solid-state sintering. 
SLM is able to give bulk parts of higher density and better interlayer bonding. However, 
there are certain problems associated with SLM. The first relates to the ‘breaking up’ of 
the molten track into a row of spheres, as the laser traverses the powder bed line by line. 
This is called “balling”, and was very commonly observed during early SLS efforts 
[31,32]. The occurrence of “balling” is due to the need for the material system to 
minimize the free surface energy through surface tension. Generally, materials such as 
metals show a sudden decrease in viscosity upon melting. As such, “balling” occurs as 
soon as the melt is formed. Another problem associated with SLM is the higher heat input 
into the powder bed as compared to SLS. The steeper thermal gradients during melting 
would result in a very rapid cooling rate, which might give rise to curling and debonding 
of the individual layers.   
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If SLM of a material can be performed (i.e. if it is possible for material to be 
deposited by melting, without “balling” and curling occurring), then the need for binders 
may become unnecessary, as the part would be able to hold itself together after laser 
fabrication. Upon melting, the soft particles would be able to conform to the shape of the 
underlying layers, and create a bond with these layers to form a bulk part. Attempts have 
been made by various researchers to fabricate bulk parts using SLM. Lu et al. [33] 
demonstrated that it was feasible to fabricate TiC-Cu composites in-situ using a high 
power CO2 laser, by using an original mixture of Ti, C and Cu powders. Abe [34] used 
the selective laser melting technique to fabricate 3D moulds made of a Ni-based cladding 
alloy. The melting of this material did not result in “balling”. However, it was found that 
the 3D part cracked significantly, due to the high cooling rates. A dual laser scanning 
method (ie. a CO2 laser offset by a certain amount with a Nd:YAG laser) yielded parts 












2.6 Selective Laser Sintering (SLS) 
2.6.1 Candidate material requirements 
 SLS proceeds by causing fusion of powder particles as a result of the interaction 
between the heat from the laser beam and the powder particles. As the laser beam 
traverses the powder bed at a relatively fast speed, particle fusion must occur easily and 
quickly. This requires that materials suitable for SLS processing have low activation 
energy for viscous flow, or in the case of SLM, a relatively low softening or melting 
point. Therefore, not all materials are capable of being processed by SLS. Materials such 
as polymers, which have a low softening point, are the most promising materials 
currently available for the SLS process. Metals and ceramics, which have much higher 
melting points and smaller diffusion coefficients than polymers, cannot be SLS-processed 
on their own. As mentioned earlier, SLS of such materials normally involves the use of a 
polymeric binder, by either mixing the binder powders with the metal or ceramic 
powders, or coating the metallic or ceramic powder with the binder.   
  
The polymeric binder is fugitive in nature i.e. its only purpose is to facilitate the 
formation of a bulk part, and hold the SLS-processed part together. Ultimately, these 
binders will have to be totally removed from the part quickly, without causing any 
deleterious effects, and in a manner that is environmentally friendly. Also, to further 
improve the density of the SLS-processed parts, infiltration may be used. This is 
normally followed by a final heat-treatment step, so that the infiltrated material may 
sinter together and give a part with high density. Subramaniam [35] used this technique 
to fabricate Al2O3 bars by SLS processing of Al2O3 powder coated with polymeric 
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binders. The SLS processed parts were porous, and infiltration was performed using 
alumina sol. Finally, the part was heat-treated at 1050°C to attain high densities. The use 
of polymeric binders, or infiltration techniques, mean that SLS-processing of metallic and 
ceramic parts are indirect.        
 
 Another way in which bulk parts may be made is by using a two-component 
powder system, whereby there is a difference in the melting points of the two powders. 
The high melting point phase is normally a structural material made of metallic or 
ceramic powders, while the low melting point powders is normally a metal powder. The 
laser parameters are set such that upon radiation, only the powders of the low melting 
point component melt, while the powders of the high melting point component remain in 
the solid form. The densification mechanism proceeds through liquid-phase sintering [36] 
i.e. the melt flows around the solid particles, and fills up the pores present in the initial 
powder system. It is very important for the contact or wetting angle between the melt and 
the solid particles to be as small as possible, so that particle wetting can occur. Much 
discretion has to be practiced in order to find material systems that are compliant with 
each other in terms of wettability. Normally, this processing method results in the 
solidified melt being retained as a permanent binder, as it is not removed after the part 
has been fabricated. Kathuria [37] performed SLS experiments using a Cu-Sn powder 
mixture. A Nd:YAG laser was used to melt the Sn particles, but not the Cu particles. 
Bulk parts with minimal defects and good layer bonding were successfully fabricated.  
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 The method of mixing two-component powders is also a means of preventing 
“balling” from occurring. The incorporation of a high melting point phase would result in 
an overall increase of the viscosity of the mixture, with the consequence that “balling” 
might not occur [31,32].    
 
2.6.2 Factors influencing the SLS/SLM process 
 There are numerous factors that influence the SLS/SLM process. Obtaining a part 
with high density and high strength requires optimizing the laser processing parameters. 
Some of the factors that influence the process include the laser power, laser scan speed, 
scan spacing (i.e. distance between two consecutive scan lines), powder bed thickness 
and the powder particle size. These are factors that can be controlled by the user, and they 
are appropriately adjusted in order to achieve the desired results. Generally, materials 
have to be chosen such that high absorptivity for the laser energy occurs [38]. Ineffective 
coupling of the laser energy by the material results in poor properties. The interlayer 
strength plays an extremely important role in determining the ultimate strength of the 
part. Debonding and curling in between the layers may be prevented by decreasing the 
thermal gradient between the laser-processed part and the surroundings. Most SLS 
machines are equipped with a heater, which enables the powder bed to be raised to a high 
enough temperature such that the rate of contraction just after laser scanning is slower. 
Finite element analysis performed by Matsumoto [39] found that residual stresses present 
in parts fabricated by laser-based techniques resulted in undesirable effects, such as 
cracking and distortion of the solidified layers. 
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 As the SLS/SLM process involves the interaction between the heat from the laser 
beam and the powder bed, a fundamental understanding of the heat transfer processes 
occurring during sintering or melting is necessary. Numerical models of the heat transfer 
process have been designed by Zhang et al. [40], showing the influence of laser intensity 
and scan speed on the location and sintering depth of the melt pool. It has been found that 
three process parameters (i.e. laser power, scan speed and scan line spacing) are sufficient 
to describe the sintering height and part strength. These three variables are co-related 
according to the following equation: 
                                                                                                     
     
Laser power 
Scan velocity   x   scan line spacing 
E.D. = (2.2) 
 
 
where E.D. refers to the laser energy density. Williams [41] further showed that the laser 
beam diameter and the delay period in between irradiation exposures (which is linked to 
the laser scan length and scan speed) also influenced the average density and the flexural 
modulus of polycarbonate parts fabricated by the SLS process.     
 
2.7 Porous Ceramics 
 
2.7.1 Examples and uses 
 
 Recently, there has been an increasing interest in applications and uses of porous 
ceramics. This class of ceramics provides unique properties that are difficult to achieve 
with traditional bulk ceramics. One area where porous ceramics are receiving tremendous 
attention is in the field of biomaterials. Porous ceramics have been used to fabricate 
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implants that can be used in the treatment of bone defects that arise from disease or 
trauma. Bone growth takes place by bonding of the new natural bone to the implant, 
using it as a temporary support. The implant will eventually get resorbed in-situ. In such 
applications, the shape, size and distribution of the pores within the implant are critical 
and have to be controlled. It is also very important that the choice of ceramic to be used 
as the implant material not stimulate any adverse reactions when in use. Some examples 
of ceramics that have so far been used extensively as implants include hydroxylapatite 
and bioactive glass. Vail [42] used the SLS method to fabricate a porous polymer-coated 
calcium phosphate-based implants, which showed good results when evaluated for 
various properties, such as mechanical strength, pore size and distribution and in vivo 
tests.    
 
 Porous glass-ceramics are also being explored widely as a potential class of 
materials that may be used increasingly in technologically important areas. These 
materials possess unique properties, such as the ability to participate in the exchange of 
specific ions, rendering them useful in numerous applications in the fields of 
biotechnology and environmental engineering. Using porous glass-ceramics effectively 
increases the surface area for the ion exchange to occur. The attractive feature of porous 
glass-ceramics lies in their relative ease of fabrication. Conventional glass forming 
techniques are employed, and controlled crystallization is practiced in order to obtain the 
required crystals. The porous structure may then be obtained by acid leaching [43]. This 
process selectively dissolves some of the crystalline phases formed during the 
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crystallization process, leaving behind pores, which are of the order of nanometers. The 
crystals not dissolved during acid leaching possess the ion-exchange properties.       
 
2.8 Glasses 
 Glasses are a class of materials that have found uses in various technologically 
important fields. The end use of the glass depends on its properties, and this in turn, is 
related to its chemical structure and composition. The raw materials that go into forming 
a glass are varied. The most common of these materials is silica, SiO2. Upon melting 
silica and cooling it quickly, an amorphous structure, characteristic of the liquid phase is 
retained, even though the glass is in solid form. SiO2 is called a network oxide. The basic 
structure of a glass consists of Si-O-Si bonds, where each Si ion is linked to four other O 
ions in a random manner, giving an amorphous tetrahedral structure. Each of the oxygen 
ions that links two Si ions is called a ‘bridging oxygen ion’. Fig. 2.2 is a two-dimensional 
structural representation of this. There are other materials added to silica, which may 
form ions that are able to occupy the positions that would otherwise have been occupied 
by a silicon ion Si4+. An example is alumina, Al2O3, and it is called an intermediate 
oxide. If an aluminium ion (Al3+) occupies the site of a Si4+ ion, then additional ions may 
be needed in order to maintain a charge balance. Examples of such ions may be Li+ or 
Mg2+, and these ions will be positioned in the interstices between the glassy network. Li+ 
may be introduced during the glass melting process as a carbonate Li2CO3, while Mg2+ 
may be introduced as an oxide MgO. These materials are called modifying oxides. When 
modifying oxides are added, the resulting glass structure may consist of another type of 
bond, known as a ‘silicon-non-bridging oxygen’ bond (abbreviated as Si-NBO bond).  
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Fig. 2.3 shows this type of bond when a modifying oxide like Na2O is added to the silica 
network, while Fig. 2.4 shows the arrangement of glass in the presence of modifying and 















Fig. 2.2: A two-dimensional representation of the amorphous structure of a 
glass, showing the random arrangement of atoms. The actual three-dimensional 
structure consists of one Si ion linked to four other O ions, in a tetrahedral 










Si O Si 
O 
O O 








(NBO) bond Bridging oxygen ion 
Fig. 2.3: Schematic showing the Si-NBO bond formed once a modifying oxide l
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Fig. 2.4: Schematic of the arrangement of ions in a glass structure containing 
intermediate oxides like Al2O3 and modifying oxides like Li2O. The shaded 
circle represents the locations of ions such as Li+ present in the interstices. 
The powder metallurgy route has been used by numerous researchers to fabricate 
glasses and investigate their properties [45,46,47]. Glasses basically do not show a fixed 
melting point, but rather transform from being a hard, rigid material at low temperatures, 
to a highly viscous liquid at high temperatures (i.e. the glass continually softens and 
flows as a viscous liquid as it is heated). This softening may provide a means of 
densification for the powdered glass system, enabling it to be applied to a SLS/SLM 
system. A review paper by Manthiram [48] reported that SLS processing of ceramic-
based nanocomposites (such as Al2O3-SiO2 or Y2O3-ZrO2-SiO2) might be possible, 
utilizing the softening of the SiO2 phase prior to total melting. Lee [49] reported the 
possibility of using the SLS process to fabricate bulk parts of alumina-zinc borosilicate 
glass, to form a glass-ceramic composite. Once again, this was achieved through the 
viscous flow of glass. 
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2.8.1 Lithium Aluminosilicate glass-ceramics 
Lithium Aluminosilicate (Li2O.Al2O3.SiO2 or LAS) glass-ceramics are very 
widely used, and are one of the most traditional glass materials investigated. One of the 
most important properties of this glass-ceramic is its very low coefficient of thermal 
expansion. This glass-ceramic also has very good resistance to chemical attack in 
oxidizing or corrosive environments, and as such, it is particularly suited for use in 
aggressive environments, where high chemical and mechanical stability is required. 
Common applications include cooktop panels, cooking ware, windows for gas or coal 
fires, mirror substrates for astronomical telescopes and missile radomes [50,51].     
 
2.9 Statement of present work 
 The present research aims at investigating the possibility of forming bulk porous 
performs or dense parts made of lithium aluminosilicate glass using the SLM technique. 
The first stage of this work focuses on the preparation of the glass powder, and 
investigation into the physics of the melting process and prevention of “balling” during 
melting. Subsequently, single line scans and single layer coupons are fabricated, using 
powder batches of varying particle size, and varying laser energy densities. By studying 
the surface morphology of the single line scans and relating it to the results obtained for 
the single layer coupons, the effect of various parameters can be determined to 
understand the fundamental densification mechanism.  
 
 Following this fundamental study, bulk glass parts are then fabricated. The aim of 
this part of the work is to determine if layered structures can be fabricated by SLM. The 
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final part of this work investigates possible phase changes occurring during laser 
irradiation of LAS glass. 
  

























  In the present work, Lithium Aluminosilicate (Li2O.Al2O3.SiO2 or LAS) glass 
was chosen as a candidate material for the fabrication of bulk parts by SLM. Glass 
powder batches of different particle size range were fabricated in the laboratory and 
subsequently used for experiments on: 1) single-line scans, 2) single-layer coupons, and 
3) fabrication of bulk parts. These tests were performed using a combination of varying 
laser powers and scan speeds. The results obtained during these studies were verified 
using different equipment.  
 
3.2 Fabrication of LAS glass powder 
3.2.1 Raw materials and equipment 
 The glass powder required for this experiment were fabricated, using reagent 
grade powder of SiO2 (as quartz) and TiO2 (as anatase) obtained from AlliedSignal, and 
Al2O3 (as corundum) and Li2CO3 powder obtained from GCE Chemicals Pte. Ltd. Table 
1 lists the respective chemical compositions of the various powders used as the raw 
materials. The powder particle size was not quoted by the respective suppliers, as reagent 
grade powders are merely classified according to the powder chemical composition. 
  
 A Platinum (Pt) crucible was required for melting of the raw materials to form the 
glass. A 201-Standard Form Pt crucible, with reinforced rim and heavy bottom, was 
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supplied by Engelhard-Clal. A crucible of capacity of 110cm3, with a diameter of 57mm 
and a depth of 60mm was used.  
 
 
Table 1: Chemical constituents in the raw materials used for glass fabrication, and their    
              approximate compositions. 
 Assay Ca Fe K Mg Na Cl SO4 Heavy 
metals 




































3.2.2 Mixing of raw materials and fabrication of glass 
 The raw materials of SiO2, Al2O3, Li2CO3 and TiO2, were first mixed in the 
weight proportions of 64.39 : 25.21 : 7.40 : 3.00. Proper, thorough mixing of the powder 
was achieved using a V-cone blender. Polyethylene containers were half-filled with the 
powder mixture and placed in the blender, so that powder would be ‘thrown’ up and 
down, and backward and forward. The rotation of the V-cone blender was controlled at a 
speed of 50rpm for 5 hrs. After 30 mins of mixing, the blender was allowed to stop for 30 
mins.   
 
 After this, about 50 g of the mixed powder was melted in a Pt crucible at 1600°C. 
The arrangement of the Pt crucible in the furnace chamber is shown schematically in Fig. 
3.1. The Pt crucible was placed on an Al2O3 pan, and partially covered with another 
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Al2O3 crucible of larger size than the Pt crucible. The tilting of the Al2O3 crucible was to 
ensure that the gases liberated from the powder mixture during melting (such as CO2) 
could escape, and at the same time, prevent any contaminants from the furnace chamber 
from entering the molten glass. A Nabertherm LHT 04/17 electric furnace, with MoSi2 
heating coils and a maximum operating temperature of 1750°C, was used for the melting 
process.    
 
 The abovementioned setup was kept in the furnace for four hours, and 
subsequently quenched in water at 20°C. Extreme caution was exercised to ensure that 
there was no contact made when removing the Al2O3 crucible covering the Pt crucible, so 
that the latter would not topple over. 
   Furnace heating chamber (150mm x 150mm x 150mm) 
 
 








Fig. 3.1: Schematic diagram showing the arrangement of Pt and Al2O3
crucibles in the heating chamber of the furnace during glass melting. 
Al2O3 pan 
Pt crucible, containing 
molten glass 
MoSi2 heating coils 
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 Upon submerging the bottom of the crucible in water, the glass contained within 
the Pt crucible shattered into smaller frits of irregular shapes due to the very high cooling 
rate. The glass pieces obtained in this process were transparent, but had a slight yellowish 





 Fig. 3.2: Glass frit obtained upon quenching the molten glass in 
water. 
 
3.2.3 Preparation of glass powder  
 The frit glass obtained through quenching was used to prepare the glass powder 
for the subsequent experiments. A plastic hammer was initially used to pound and smash 
the glass frit into smaller pieces. Once the frit glass had attained a smaller size, the 
particles were transferred over to a porcelain mortar and pestle. Fine powder was 
prepared by manually grinding the powders with the pestle.  
 
 The ground powder was sieved using mesh of varying sizes. Two different 
batches of ground powder were prepared based on the particle size: 1) between 38µm and 
63µm, and 2) between 63µm and 90µm. The powder that had a particle size of more than 
90µm was mechanically milled to reduce the particle size. 
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3.2.4 Mechanical milling of glass powder 
 Mechanical milling was performed in air using a Fritsch Pulverisette P5 planetary 
ball mill operating at 200rpm for 30mins, using stainless steel vials and balls of diameter 
15mm. The ball-to-powder mass ratio was about 9:1. About 42.5g of powder was milled 
each time. The basis for the adopted parameters was to minimize the amount of 
contamination during the milling process, by using as much powder and as few balls as 
possible, while obtaining as small a particle size as possible within the shortest possible 
milling time.  
 
3.3 Laser sintering/melting 
 All laser sintering and melting experiments were performed in air using a 
continuous wave (CW) CO2 laser (λ = 10.6µm) equipped with a TEM00 (Gaussian) heat 
profile. The maximum laser power of the machine was 200W, with a spot diameter of 
0.3mm. The minimum height that the piston can move vertically when fabricating a bulk 
part is 50µm.  
 
3.4 Laser processing of LAS glass 
3.4.1 Single line scans 
   In order to perform single line scans over the powder bed, powder of the various 
particle size ranges were placed on top of a medium carbon steel plate and leveled with a 
blade to obtain a flat powder bed. The powder bed thickness was maintained between 
3mm to 5mm for all cases. For the ground glass powder, a flat layer of powder was 
obtained by using the blade to scrape the deposited powders. For the milled glass 
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powders, using the scraping technique to get a flat powder bed was ineffective, as the 
small powder particle size resulted in powders clumping together. Scraping the powder 
bed would cause the clumps to ‘scratch’ the powder bed, resulting in areas void of 
powder. As such, in order to make the powder bed as flat as possible, the milled powders 
were deposited on top of the steel plate and gently tapped with the blade so that the 
powders covered most of the steel plate and had an almost flat topology. Single line scans 
were performed by appropriately adjusting the laser settings so that the spacing between 
two consecutive scan lines would be a certain distance apart. The effect of varying the 
laser power and scan speed on the single line scans was studied with the different powder 
batches. The laser power used for the single line scan studies ranged from 20W to 100W, 
while the scan speed was varied between 10 and 100mm/sec. Fig. 3.3 shows a plan view 













3.4.2 Fabrication of single layer coupons 
 Single layer coupons were fabricated by adjusting the distance between the 
adjacent line scans, such that there would be a certain degree of overlap in between two 
consecutively scanned lines. The overlap distance was fixed at 200µm for all cases. The 
coupons had dimensions of 20mm x 20mm. As was the case with the single line scans, 
the powder bed thickness was kept between 3 and 5mm when fabricating single layer 
coupons. The laser power and scan speed were varied between 20 and 50W, and 50 and 
200mm/sec, respectively, to investigate the surface morphology of the coupon fabricated 
under different laser parameters. Fig. 3.4 is an illustration of the arrangement of the 
individual lines overlapping one another during fabrication of the single layer coupons. 
 
 After the laser had scanned the powder bed, a single layer coupon was obtained 
by using a plastic spoon to remove powder adjacent to the regions scanned by the laser. 
As far as possible, unsintered powder at the bottom of the coupon was also removed 
using the plastic spoon. The coupons were delicately handled so that it could be used for 
















Laser beam diameter 
Centre of individual scan lines
Base plate 
Overlapped region 




Fig. 3.4: A schematic showing the arrangement of individual scan lines that 
overlap to form the single layer coupon, which is the basis for the selective 
laser sintering technique.  
 
3.4.3 Fabrication of bulk part 
Bulk parts were fabricated under different laser power and scan speeds. In order 
to ‘bond’ the first layer onto the medium carbon steel base plate so that subsequent layers 
could be deposited, a mixture of the powder and epoxy resin was made and a very thin 
layer of this mixture was evenly spread over the entire surface of the steel plate. The laser 
beam then scanned the mixture using a laser power of 80W and a scan speed of 
50mm/sec, and resulted in the bonding of this layer to the base plate. With this initial 
bond being formed, scanning of the subsequent powder layers could be performed 
directly on top of the initial layer, and the entire structure made up till that point would 
not be displaced. To prevent the base plate from being displaced, a double-sided tape was 
placed to secure it in place on top of the vertically moving piston. The roller mechanism 
could not be used to level the powder bed during the powder deposition process. Using 
the roller mechanism caused the powder to adhere to the roller instead of spreading 
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evenly over the powder bed. As such, the tapping technique, similar to that used to form 
the powder beds during single line and single layer scans, was used once again. However, 
for the fabrication of bulk parts, the powder bed thickness used for each layer was 
maintained at 150µm. Using a powder bed thickness less than 150µm resulted in the 
breaking off or displacement of the previously deposited layers from the structure.  
 
3.5 Characterization  
3.5.1 Scanning Electron Microscopy and Energy-Dispersive X-Ray Analysis 
 
 The particle morphology of the ground and milled powder was observed using a 
JEOL JSM-5600 Scanning Electron Microscope (SEM), equipped with an Oxford-Isis 
Energy Dispersive X-Ray Spectroscopy (EDX) facility. The powder samples were gold 
coated prior to SEM observation. 
 
 SEM was used to investigate the microstructure of the sintered or melted regions 
of the different powder batches irradiated at varying laser energy densities. This was done 
to elucidate the mechanism of densification (by various means such as viscous 
coalescence or complete melting). The sintered or melted regions formed after laser 
irradiation were carefully transferred from the steel plate and moulded using co-cast 
resin. Once the resin had hardened, polishing was done using SiC paper of various 




 Surface morphology of the single layer coupons and bulk parts fabricated using 
different laser energy densities was characterized by SEM. All parts were gold coated, 
and the laser scan direction was noted down prior to SEM observation. The fractured 
cross-sections of the single layer coupons were also observed. For this, the coupons were 
gently ‘broken’ in a plane parallel to its thickness, and the resulting surface was observed 
thereafter. For observation of the interlayer bonding, the bulk parts were cut in a direction 
perpendicular to the build plane of the part, with the cut surface then being observed. 
 
3.5.2    Optical microscopy 
 Surface morphology of the sintered or melted regions formed during single line 
scans were viewed through a Deltronic video inspection unit. The entire steel plate, with 
the unsintered/unmelted powders, as well as the areas scanned by the laser beam once, 
were removed from the laser chamber and immediately observed. In some cases the 
surface morphologies of the bulk parts could not be clearly seen by SEM, and the 
Deltronic video inspection unit was used for this. 
 
3.5.3 X-Ray Photoelectron Spectroscopy 
 X-Ray Photoelectron Spectroscopy (XPS) analysis was performed for the ground 
and ball-milled glass powder in order to detect the presence of any contamination on the 
surface of the ball-milled powder. Since the milling media was made from SS304, the 
presence of elements such as Fe, Cr and Ni was investigated, in addition to the elements 
contained within the glass, i.e. O, Si, Al, Ti, Li. In order to investigate changes in 
elemental quantities before and after laser irradiation, XPS measurements were taken on 
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the surface of bulk pieces of glass that were irradiated using high laser intensities and 
compared to that for the original glass powders. All XPS experiments were performed 
using a VG ESCALAB MKII system with monochromatic Mg Kα twin anode radiation 
source (hν=1253.6eV), operating at 300W. XPS spectra from the C 1s, O 1s, Si 2p, Al 
2p, Ti 2p, Li 1s, Fe 2p, Cr 2p and Ni 2p core-levels were recorded. The chamber pressure 
during operation was about 5 x 10-9 mbar. As glass is non-conductive, the samples may 
have acquired a steady-state positive charge due to ejection of photoelectrons when 
exposed to the X-rays. To correct the difference in binding energies due to the charging 
effect, the C 1s peak arising from adventitious hydrocarbon contamination in the obtained 
spectra was referenced against the standard value for this peak (which occurs at 
284.6eV). Subsequently, all measured spectra were corrected for the charging effect. The 
detailed analytical conditions employed are summarized in Table 2.  
           Table 2: Experimental conditions for XPS analysis.    
Spot size of X-rays       1 cm diameter 
Analysis area of photoelectrons     > 2mm x 3mm 
Take-off angle of photoelectron     75° 
Dwell time        0.1 sec/eV 
Survey scan range       0 – 1099.72 eV 
Scan range for each element/no. of scans for each range 
   Ni 2p      843 – 883 eV / 8x 
   Cr 2p      576 – 596 eV / 8x 
   Fe 2p      710 – 730 eV / 8x 




   Ti 2p      457 – 477 eV / 16x 
   Al 2p      74 – 84 eV / 8x 
   Li 1s      53 – 67 eV / 8x 
   Si 2p      101 – 111 eV / 8x 






   C 1s      284 – 294 eV / 8x 
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Quantitative analysis of the relative concentrations of the various elements was 
performed, using the appropriate peak area sensitivity factors. The fractional content of a 
particular element x was determined according to the following equation:  
  
    Cx  =  nx/∑ni  =  (Ix/Sx)/(∑Ii/Si)  (3.1)           
   
where Ix represents the integrated intensity (i.e. area) under the peak for a particular 
element, and Sx represents the atomic sensitivity factor for each element. This equation is 
obtained from: 
                      n1/n2 = (I1/S1)/(I2/S2)   (3.2)                            
 
where the subscripts 1 and 2 represent the various constituent elements in the sample. 
The atomic sensitivity factor for a particular element depends on various parameters, and 
quantitative calculations follow the equation: 
 
     I = nfσθλAty    (3.3) 
 
where I is the number of photoelectrons/sec in a specific spectra peak, n is the number of 
atoms of particular element/cm3, f is the X-ray flux in photons/cm2sec, σ is the 
photoelectric cross-section for atomic orbital of interest (in cm2), θ is the angular 
efficiency factor for instrumental arrangement based on angle between photon path and 
detected electrons, λ is the mean free path of photoelectrons, A is the area from which 
photoelectrons are detected, T is the detection efficiency for electrons emitted from 
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sample, and y is the efficiency for formation of photoelectrons. Thus, n = I/(fσθλATy), 
and the denominator of this equation constitutes the atomic sensitivity factor Si. The 
values of Si for each element were obtained from standard tables. 
 
3.5.4 Particle size analysis 
 The particle size distribution of the ball-milled glass powder was measured using 
a Coulter LS400 Particle Size Analyser, which gives the volume fraction of powders of 
each particle size ranging from 0.4µm to 948µm. A small amount of powder was placed 
into the analysis unit/chamber each time, until the appropriate concentration 
(automatically determined by the system) was reached. The chamber was filled with 
water prior to this, and an ultrasonic vibrator was used to prevent the powder from 
settling at the bottom of the chamber during analysis. The system works by scattering and 
dispersing light incident on the powder particles. The light source was a laser beam of 
wavelength 750nm. Prior to analysis, background measurements were made, to eliminate 
any signal arising from the presence of dust or other particles in the path of the laser. 
 
3.5.5 Differential Scanning Calorimetry Analysis 
To characterize the thermal properties of the ground and milled powder, non-
isothermal differential scanning calorimetry (DSC) was performed using a Rheometric 
Scientific STA-1500 differential scanning calorimeter with Pt capsules. Heating was 
carried out from room temperature to 1300°C at a rate of 5°C/min in Ar gas flowing at 
about 50cm3/min. An empty Pt capsule was used as a reference. DSC tests were only run 
on two of the three powder batches: 1) the 38µm - 63µm powder batch, and 2) the ball-
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milled powder batch, using about 15mg of powder for each DSC run. The crystallization 
temperatures, upon which the amorphous glass crystallizes to form a glass-ceramic, could 
be obtained from the readouts.  
 
DSC tests were also conducted to investigate if there were any changes in the 
thermal properties of the glass after intense laser irradiation. Bulk glass pieces were 
irradiated by the laser, until the surface of the bulk glass pieces had a similar appearance 
(eg. colour) to that as the bulk part fabricated using the glass powders. A small portion of 
the irradiated surface of the bulk glass pieces was broken off and smashed into smaller 
powder of size 38µm - 63µm. DSC analysis was done using the same parameters as that 
for the original glass powder, and the thermogram was compared to that of the original 
ground glass powder of similar particle size range. 
 
3.5.6 X-Ray Diffraction Analysis 
 To ascertain the phase of the fabricated powder, X-Ray Diffractometry (XRD) 
tests were performed using an automated Shimadzu LAB-X XRD-6000 diffractometer, 
with the powder rotation method. CuKα1 radiation (λ = 0.15418 nm), at a scan speed of 2 
deg/min was used. Data points were obtained at 0.02 degree intervals. Identification of 
the phases crystallizing during the DSC runs was performed by XRD. Compacts made 
from the prepared glass powder were annealed for 4hrs at the temperatures lying slightly 
below and above the peak crystallization temperatures obtained by DSC. A heating rate 
of 5°C/min was used from room temperature up to the annealing temperature. 
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 Phase characterization of bulk parts fabricated with the glass powder, and bulk 
glass surfaces exposed to intense laser irradiation were performed using XRD. The XRD 
parameters used were similar to that used for characterizing the powder, but there was no 
rotation of the fixture on which the samples were mounted. The Bragg angles and the 
values of interplanar spacing (d) obtained from the computerized output were 
subsequently matched with standard values obtained from JCPDS files. The phases 
formed during fabrication of bulk parts with the glass powders were correlated to that 
obtained when the bulk glass pieces were irradiated by the laser using the same laser 
parameters.  
 
3.5.7 Density Measurements 
 Densities of the bulk parts were quantified using the Archimedes technique. The 
samples were immersed in melted candle wax to seal off surface porosity, and removed 
such that the solidified candlewax formed a very thin film around the part. In areas where 
the solidified candlewax appeared to agglomerate, a small pin was used to gently scrape 
off the wax. Water was used as the buoyant fluid.  








Chapter 4: CHARACTERIZATION OF  
         POWDER BATCHES – RESULTS AND DISCUSSION I 
 
4.1 SEM micrographs of LAS powder 
 
 SEM micrographs were taken of the fabricated powder. Fig. 4.1(a) shows the 
morphology of the ground glass powder in the particle size range 63µm to 90µm, while 
Fig. 4.1(b) shows that of the ball-milled powder. Both powder batches have irregular 
particle morphologies. Although the ball-milled powder particles have very small size, 


















Fig. 4.1: SEM images of: (a) ground LAS glass powder (63µm - 90µm powder 

















Results of energy dispersive X-ray spectroscopy (EDX) point scans on the 
surfaces of the ball-milled glass powder is shown in Fig. 4.2. Peaks corresponding to 
oxygen, aluminum, silicon and titanium were observed. Lithium was not detectable with 
the current EDX facility. 
 
 

































4.2 Chemical composition  
 
  Wide scan XPS analysis of the ground and ball-milled powder is shown in Fig. 
4.3 (a) and (b) respectively. The wide-scan spectrum shows a C 1s peak for both sets of 
powder. This peak occurs at a binding energy of 284.6eV (Fig. 4.4), and is associated 
with hydrocarbon contaminants present in ultra-high vacuum conditions. The C 1s peak 
associated with Li2CO3 (or other carbonates) occurs in the range of 289 – 290 eV, but is 
not seen in Fig. 4.4. This indicates that there is no bonded carbon in the glass sample, and 
that Li2CO3 decomposed to produce Li2O and CO2, which evaporated during glass 
melting [52]. Peaks corresponding to Fe, Cr, or Ni cannot be identified from the wide-
scan spectrum. The detailed narrow range survey scans of Fe, Cr and Ni are shown in 
Figs. 4.5, 4.6 and 4.7 respectively, for the (a) ground and (b) milled powders.  
  


































Fig. 4.3: Wide-scan XPS spectrum of: (a) ground glass powder, and (b) ball-
























Fig. 4.4: High-resolution adventitious C 1s peak recorded for the 
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Fig. 4.5: Detailed XPS scan, showing: (a) no signal received from the 
Fe 2p level for the ground glass powder, and (b) mild signal received 















Fig. 4.6: Detailed XPS scan, showing no signals received from the Cr 
































Fig. 4.7: Detailed XPS scan, showing no signal received from the 
Ni 2p level for: (a) the ground glass powders, and (b) the ball-




















Fig. 4.5 shows that there is some contamination on the surface of the ball-milled powder, 
seen by the mild “humps” of Fe3+ having a 2p3/2 binding energy at about 711eV and a 
2p1/2 binding energy at about 724eV. This is not seen for the ground glass powder. 
Comparison with standard spectra [53] reveals that the Fe probably existed as Fe2O3 on 
the surface of the ball-milled powder. No signals were obtained for Cr and Ni on the 
milled powders. The relative quantities of the elements present in the ground and ball-
milled powder were calculated, and are presented in Tables 3(a) and 3(b) respectively. 
The peak height corresponding to the adventitious C 1s peak was deliberately omitted 
from elemental quantification calculations. Accurate quantitative values can only be 
obtained for those elements that have significant peak intensities in the wide-scan results 
(such as Si, Al, and O). For trace elements, it was more difficult to get exact quantitative 
values, due primarily to the very small peak heights.  
 
 Element Quantity (wt%)    Element Quantity (wt%) 
      C            -          C           - 
      O         73.4         O        73.1 
      Si         19.0         Si        17.6 
      Al         6.7         Al        7.5 
      Li            -           Li          - 
      Ti         0.8         Ti        0.6 
      Fe           -          Fe        1.0 
      Cr           -          Cr          - 




 Table 3: Quantification (wt.%) results of constituent elements for: (a) ground glass powder, and (b) ball-milled powder. 
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4.3 Particle size analysis 
 
Fig. 4.8 shows results of particle size analysis of the ball-milled powder. There are 
almost no powders of size beyond 40µm. A slightly bimodal distribution of powder 
particle sizes is obtained, with a large fraction of the powders attaining a particle size of 




















































4.4 Thermal Analysis  
 
Fig. 4.9(a) shows the DSC results of ground glass powder in the size range of 
38µm to 63µm, while Fig. 4.9(b) shows that of the ball-milled glass powders. As can be 
seen, the first crystallization peak occurs in the range of 950°C (for the ball-milled 
powders) to 970°C (for the ground glass powders). These peaks are denoted by Tc1 in the 
thermograms. A second, much smaller peak is seen at around 1250°C (denoted by Tc2) in 
the thermogram of the ball-milled powders. The softening point of the glass powders is 










































Fig. 4.9: DSC plots of: (a) ground glass powder in the size range of 38µm to 
63µm, and (b) ball-milled glass powder.   
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4.5 Structural analysis 
 
Broad haloes seen in the XRD spectra of the ground and ball-milled powder (Fig. 
4.10 (a) and (b)) indicate the amorphous structure of both these sets of powder. XRD 
readouts were also taken of the crystalline glass-ceramics that were obtained when heat-
treatment of the amorphous glass powder was performed. Heat-treatment of the ground 
and ball-milled powder at 850°C for 4hrs produced the XRD spectra seen in Figs. 4.11(a) 
and (b). These two spectra show that full-crystallinity of the amorphous glass is not 
achieved when using this heat-treatment temperature. As such, powder compacts were 
heat-treated at a temperature of 1000 °C for 4hrs (just slightly above the first 
crystallization peak in the DSC results). The XRD spectra obtained from the compacts 
made with the ground and ball-milled powder is shown in Figs. 4.12(a) and (b), 
respectively. As can be seen, a beta-quartz glass-ceramic is formed in both cases (JCPDS 
File No. 31-0706). A heat-treatment temperature of 1250°C for the same duration 
resulted in the formation of beta-spodumene glass-ceramic (see Figs. 4.13(a) and (b), 
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Fig. 4.11: XRD spectra of compacts made from: (a) ground and (b) ball-milled 
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Fig. 4.12: XRD spectra of compacts made from: (a) ground and (b) ball-milled 
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Fig. 4.13: XRD spectra of compacts made from: (a) ground and (b) ball-milled glass 
powder, sintered at 1250°C for 4hrs, showing beta-spodumene crystal phase. 
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Chapter 5: SINGLE LINE SCANS AND SINGLE LAYER 




5.1.1 Single line scans using ground glass powder: 
 
Figs. 5.1(a) through (c) show the single line scans using the ground glass powder 
of size range 38 - 63µm at varying laser powers, at a constant scan speed of 100mm/sec. 
In all cases, the laser beam causes melting of the powder, but the melt consolidates into 
spheres (known as the “balling” phenomenon). The distance between the spheres is 
relatively large. Increasing the laser power at a faster scan speed of 100mm/sec results in 
an increase in the diameter of the spheres, and has no effect on reducing the tendency for 
“balling”. Even when the laser scan speed is reduced to 10mm/sec, “balling” cannot be 
prevented at the laser power of 100W (Figs. 5.1(d) and (e)). The spacing between each of 























6.1.2 Single line scans using ball-milled powders: 
 
 
Fig. 5.1: Surface morphology of single line scans performed with 38µm - 63µm ground 
glass powder batch using laser powers and scan speeds of (a) 100W, 100mm/sec; (b) 
20W, 100mm/sec; (c) 50W, 100mm/sec; (d) 100W, 10mm/sec and (e) 75W, 10mm/sec, 
respectively. 
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5.1.2 Single line scans using ball-milled powder: 
 
Figs. 5.2(a) through (c) show results of the single line laser scans performed using 
the ball-milled glass powder, at various laser powers and a constant fast scan speed of 
100mm/sec. The similar “balling” phenomenon, as observed for the ground glass powder, 
takes place. However, the spheres are much smaller and closer than that seen for the 
ground glass powder. The three single line scans also reveal that the melt solidifies at the 
edge of the melt pool, seen by the spheres present only at the edge and not at the centre. 
Figs. 5.2(d) and (e) show single line scans performed with the ball-milled powder at high 
laser power of 75W and 100W respectively, using a slow scan speed of 10mm/sec. In this 
case, the single line scan consists of two continuous liquid cylinders that do not appear to 
break up into spheres. Once again, the central region of the melt pool is void of any 
material. Fig. 5.3 is a picture taken of a single line scanned by the laser at 100W, 
10mm/sec, confirming the absence of material at the center of the scan line. Fig. 5.4 is an 
SEM micrograph of the polished cross-section of the material contained within the 
solidified liquid cylinders formed in Fig. 5.3 (taken along the laser scan direction). This 
micrograph shows that full melting of the powder bed occurs during SLM under intense 
laser irradiation. Some spherical porosity is still left behind in the melted regions, as seen 
by the circular structures in this figure.  
 
Upon close examination of Figs. 5.2(d) and 5.2(e), it can be seen that necking 
occurs at certain points along the liquid cylinders, while in other areas, a bulge is seen 
developing (i.e. the diameter of the bulge is slightly greater than the average diameter of 

















































Fig. 5.2: Surface morphology of single line scans performed with ball-milled 
glass powder using laser powers and scan speeds of: (a) 20W, 100mm/sec; (b) 






























Fig. 5.3: Morphology of solidified scan lines, showing the central region of a single 
line scan void of material during laser melting at the laser power of 100W and scan 
speed of 10mm/sec. 
Exposed steel substrate at 
center of melt pool 
Segregation of material towards edge 
















Fig. 5.4: SEM micrograph of polished cross-section taken along the length of 
solidified material obtained during single line scan at 100W, 10mm/sec, showing 




5.1.3 Single layer coupons made with ground glass powder: 
 
Fig. 5.5 shows the surface morphology of single layer coupons fabricated using 
both batches of the ground glass powder at a laser power of 20W and a scan speed of 
200mm/sec. In both cases, the surface morphology of the single layer coupon consists of 
numerous well-defined spheres interconnected to one another. Deep, through pores free 




































Fig. 5.5: Surface morphology of single layer fabricated using ground glass 
powder with laser power of 20W and scan speed of 200mm/sec; (a) for powder 





5.1.4 Single layer coupons made with ball-milled powder: 
 
Fig. 5.6(a) shows the surface morphology of a single layer coupon made with the 
milled powder using a laser power of 20W and a scan speed of 200mm/sec. Comparing 
the surface morphology of the single layer coupons fabricated in Fig. 5.5 to that in Fig. 
5.6(a) (which were fabricated under same laser parameters), some notable differences can 
be seen. The single layer coupon in Fig. 5.6(a) consists of lateral, interconnected pores 
amidst the melted regions, i.e. only the surface of the powder bed appears to be melted, 
while the pores seen between the melted regions are generally perpendicular to the laser 
scan direction. The melted regions are randomly distributed over the entire surface of the 
coupon and do not have any specific orientation. Powder located deeper in the powder 
bed is seen coalescing through viscous flow. Fig. 5.6(b) is a high magnification SEM of 
such an area (marked by a black arrow in Fig. 5.6(a)), showing particle coalescence 
taking place. Fig. 5.7 shows the surface morphology of a single layer coupon made by 
increasing the laser power to 30W, and decreasing the scan speed to 150mm/sec. In this 
case, the melt appears as continuous, isolated lines, with pores parallel to the laser scan 
direction. The melt depth is still very small and is only formed on the surface. The 
powder lying deeper in the powder bed is not melted, as is the case in Fig. 5.6(a). Fig. 
5.8(a) shows the top surface of a single layer coupon fabricated at a higher laser energy 
density of 40W and 100mm/sec. The surface profile of the coupon is relatively smooth 
and flat. The pores are also deeper and less interconnected (ie. more isolated) than that 
seen in Figs. 5.6(a) and 5.7, and parallel to the laser scan direction. In this case, the heat 
from the laser appears to have melted the powder bed to a greater depth, compared to Fig. 
5.6(a) or Fig. 5.7. Figs. 5.8(b) and 5.8(c) show the SEM micrographs obtained when 
 64
fracturing the single layer coupon in Fig. 5.8(a), and observing the fractured surface. Fig. 
5.8(b) reveals that complete melting of the powder bed occurs to a substantial depth when 
using laser parameters of 40W and 100mm/sec. The large, round ‘dimple-like’ structures 
seen towards the surface represent spherical porosity, while smaller pores are found 
deeper within the melted regions. When further increasing the laser power to more than 
40W and reducing the scan speed to 50mm/sec, the surface of the resulting coupon is as 
shown in Fig. 5.9(a). Close examination of the surface in Fig. 5.9(b) reveals that the 
melted regions in between the individual pores are made up of numerous scan lines 
overlapping one another, pointed by the black arrows in this figure. The pores seen on the 
surface of the coupon remain parallel to the laser scan direction, and the surface still 
remains relatively flat. Once again, the fractured cross-section of the single layer coupon 
fabricated under these laser parameters reveals that the heat from the laser can penetrate 
the powder bed, causing melting to a substantial depth, as shown in Fig. 5.9(c). The 
cross-section in this figure reveals a generally smooth fractured surface. The large, 
spherical pores seen on the fractured surface for the single coupon fabricated at 40W, 
100mm/sec (Fig. 5.8(b)) are not seen when the laser parameters are increased to 40W, 








































Fig. 5.6: SEM micrographs: (a) surface profile of single layer fabricated using 
laser power of 20W, scan speed of 200mm/sec, (b) high magnification of the 
region pointed by the black arrow in Fig. 5.6(a), showing particle coalescence 





















Fig. 5.7: SEM micrograph showing surface morphology of a single layer coupon 





















































Fig. 5.8: SEM images showing: (a) surface morphology of a single layer coupon 
fabricated with the ball-milled powder at 40W, 100mm/sec, (b) fractured cross-sectional 
view of a single layer and (c) higher magnification of the fractured cross-section, 

















































Fig. 5.9: SEM images showing: (a) and (b) surface morphology of a single layer 
coupon fabricated with the ball-milled powder at 40W, 50mm/sec, and (c) cross-
section of broken single layer coupon. The black arrows seen in (b) point to the 
interface between the individual scan lines, showing good wettability and bonding 
between the scan lines.  68
5.2 DISCUSSION 
 
5.2.1 Single line scans 
 
5. 2.1.1 Effect of powder particle size 
 
Figs. 5.2(a), (b) and (c) show that after performing a single line laser scan of the 
ball-milled powders at lower laser energy densities, the central region of the scan track is 
void of material, with the resolidified material (the spheres) being formed towards the 
edge of the scan track. In some cases, the location of these spheres fall outside the 
immediate beam diameter. When using extremely high laser intensities, two fully dense 
liquid cylinders are formed at the edge of the melt pool (Fig. 5.2(d) and (e)). Once again, 
the region within the powder bed that comes directly under the influence of the laser 
beam seems to be void of any material. In high energy density processes such as laser 
welding or laser surface remelting, numerous factors influence the shape and properties 
of the melt pool, such as Marangoni flow (induced by surface tension gradients at the 
surface of the melt pool), buoyancy or convective forces within the melt pool and 
radiative and vaporization losses that occur between the melt pool and the surrounding 
environment. Some researchers [54,55,56] have reported that Marangoni surface tension 
gradient is the key factor that influences the fluid flow pattern in laser welding/melting. 
This surface tension gradient is due to the temperature gradient across the laser beam 
diameter. Most CO2 lasers have a Gaussian energy profile, with the center of the laser 
being at a much higher temperature than the surrounding areas within the laser beam. 
This variation in temperature may result in a significant variation in surface tension, 
especially for materials that have high temperature-dependent variation in surface energy. 
For most materials, an increase in temperature results in a decrease in surface tension (i.e. 
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negative variation of surface tension with temperature) [57]. However, this may not be 
always the case. Some materials show a positive variation of surface tension with 
temperature, especially in the presence of surface-active elements or impurities [58]. In 
all cases, fluid in the melt pool will flow from a region of lower surface tension to higher 
surface tension. The magnitude and sign (positive or negative) of the variation of surface 
tension with temperature is very important, as it determines the direction in which the 
fluid in the melt pool flows. As a consequence of this, the melt pools may have a high 
aspect ratio (high depth to width ratio), or a low aspect ratio (low depth to width ratio). 
However, during SLM of glass powders, Marangoni flow probably does not result in 
material transport, such that the solidified balls or liquid cylinders are only seen at the 
edge of the melt pool. The reason for this is that materials such as glasses have a low 
surface tension, and more importantly, a low and negative variation of surface tension 
with temperature [59]. As such, it is highly unlikely that surface tension gradients could 
induce any significant flow of molten material during laser melting.    
 
The lack of material along the center of a single line scan for the ball-milled 
powders (shown in Fig. 5.2, regardless of laser power or scan speed) suggests that 
material present directly under the laser is vapourised, and that the heat-affected zone 
(HAZ) surrounding the laser causes melting of the powder bed. This would result in the 
solidified material (i.e. spheres or continuous liquid cylinders) being formed on either 
side of the vapourised region, depending on the incident laser energy density. Laser beam 
interaction with bulk glasses can cause ablation of material from the glass surface. The 
energy absorption mechanisms occurring during ablation depend on various factors, such 
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as the laser photon energy relative to the band-gap energy of the material [60]. When 
wide bandgap materials (such as semiconductors or insulators) are irradiated by lasers, 
energy absorption may occur through vibrational excitation of atoms or excitation of 
electrons [61]. Vibrational excitation of the atoms occurs by absorption of laser energy by 
the atoms, and conversion of this energy to thermal energy, ultimately leading to material 
removal by vapourisation or boiling. In contrast, the electronic excitation process 
involves transition of bound electrons from the valence to conduction band through 
multiple-photon absorption, and the subsequent transfer of energy from the excited 
electrons to the lattice, through electron-lattice interactions. The generation of free 
electrons can result in the dissociation of chemical bonds, ultimately leading to the 
ejection of material from the glass surface. Multiple-photon absorption is commonly 
observed when ultrashort laser pulses (such as femtosecond lasers) are irradiated on silica 
glasses [62,63,64]. Using the equation E=hc/λ, where h is the Planck’s constant, c is the 
speed of light in vacuum, and λ is the wavelength of the incident radiation (λ = 10.6µm 
for CO2 lasers), the energy per photon of a CO2 laser is about 0.116eV. This is much 
smaller than the wide bandgap of silica glasses (typically 5eV to 10eV). With CO2 lasers, 
single photon absorption cannot cause electronic transitions from the valence to the 
conduction band [65]. The very strong absorption of the Si-O vibrational mode in glass 
for CO2 laser energy results in increased vibration of atoms in the lattice, leading to 
vapourisation of material by thermally-induced processes. The ability of CO2 lasers to 
vapourize material has been successfully utilized to cut bulk glasses. Chui [66] reported 
the use of kW-level CO2 lasers to cut glasses that had thickness of up to a few 
millimeters.   
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    Further evidence supporting the vapourisation of material during laser melting 
of the ball-milled powder comes from the comparison made with the results obtained for 
the single line scans using the ground glass powder. For the ground glass powder, the 
single line scans show that a single row of spheres form exactly along the path scanned 
by the laser. There is no preferential solidification of the melted material towards the 
edge of the melt pool. This may be associated with the particle size effect of smaller 
milled powders. A smaller particle size would have a larger surface area to absorb laser 
energy. There would also be more irregular shaped particles and more regions of high 
surface curvature (e.g. at the edges of the powder particles) between the particles and the 
atmosphere for the ball-milled powder, compared to an equal volume of the ground glass 
powders. As a curved surface supports a pressure difference across itself, the greater 
surface curvature of the ball-milled powder would result in the particles having a greater 
equilibrium vapour pressure than the larger ground glass powder, with increasing ease for 
the particles to be vapourised [57,67]. The vapourisation of material as a result of laser-
induced ablation would be more pronounced for the ball-milled powder than the ground 
glass powder. 
 
As such, using ball-milled powder results in a greater tendency for material 
vapourisation by laser ablation. This occurs when a small powder particle size is used, 
even at very low laser energy densities, and is not seen when performing single line scans 




5.2.1.2 Effect of varying laser power and scan speed 
 
The results of the single line scans for the ground glass powder show that 
regardless of the incident laser energy density, “balling” is inevitable, as seen in Fig. 5.1. 
However, for the smaller ball-milled powder, a difference is found when scanning the 
powder bed once using different laser energy densities, as shown in Fig. 5.2. At low laser 
energy densities, “balling” occurs, shown by spheres present adjacent to the vapourised 
regions. The formation of spheres when using the ground glass powder or the ball-milled 
powders at low laser energy densities is due to incomplete melting through the depth of 
the powder bed to form fully dense material. The surface melt immediately consolidates 
into spheres to attain minimum surface energy. When the laser energy density is 
increased to about 75W at 10mm/sec, the ball-milled powder bed is completely melted by 
the HAZ of the laser (Fig. 5.4), and “balling” does not occur. However, when complete 
melting takes place, the phenomenon of Rayleigh instability becomes dominant, as seen 
from the bulging and necking occurring along the length of the liquid cylinders in Figs. 
5.2(d) and 5.2(e). Rayleigh instability involves the “breaking up” of a cylindrical body of 
liquid with length greater than its circumference, into a series of round droplets, due to 
surface tension [68]. Jets of viscoelastic fluid exhibit propagating Rayleigh instabilities, 
in which a front or “neck” travels along the length of the liquid cylinder [69] (Fig. 5.10). 
As mentioned earlier, SLM of the ball-milled powder under intense laser conditions 
causes complete melting of the powder bed, forming two liquid cylinders per single line 
scan. These elongated liquid cylinders are subject to Rayleigh instability. As rapid 
solidification occurs immediately after laser melting, glass remains in the molten state for 
a very short duration. During this time, the low surface tension [67], coupled with the 
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high viscosity of molten glass, makes it difficult for any fluid motion to occur by shearing 
of fluid layers within the liquid cylinders, which would be necessary for “breaking up” to 














Fig. 5.10: Schematic showing the sequence of events occurring 
during a propagating Rayleigh instability [68]. 
It is well known that impurities, additives or alloying elements may affect the 
surface tension of a material during melting. Species that lower the surface tension of a 
molten material system will preferentially locate at the interface between the melt and its 
surroundings to influence the surface tension [70]. In materials such as liquid iron (and 
other metals, which have high surface tension during melting), the presence of elements 
such as oxygen or sulphur may significantly decrease the surface tension when added in 
very small concentrations. However, molten silica-based glasses have low surface 
tension, and the addition of higher surface tension impurities in small amounts would not 
cause significant changes in the surface tension [67]. As such, it may be expected that the 
presence of contaminants (such as Fe2O3) on the surface of the ball-milled powder 
(revealed by XPS) would not significantly affect the already low surface tension of the 
glass melt formed during laser melting. The stability of the scan tracks suggests that 
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“breaking up” by a propagating Rayleigh instability is prevented due to the combined 
effects of low surface tension and the high viscosity of molten glass when the powder bed 
































5.2.2 Single layer coupons 
 
5.2.2.1 Effect of powder particle size   
 
 As shown in Figs. 5.5 and 5.6, the surface morphology of the single layer coupons 
varies depending on the starting powder particle size. For single layer coupons fabricated 
using different batches of the ground glass powders at a laser power of 20W and a scan 
speed of 200mm/sec, the surface morphologies share a common distinct feature 
consisting of numerous large well-defined spheres joined together. The single layer 
morphology is merely the overlapping or fusion of each of the balls formed during the 
single line scans. However, for the ball-milled powder, a different surface morphology of 
the single layer coupon is obtained, even when fabricated using the same laser 
parameters. The difference lies in the occurrence of particle coalescence for the ball-
milled powders (Fig. 5.6(b)), which is not observed for the single layer coupons 
fabricated with the ground glass powders. An explanation for the observed difference is 
provided below.   
 
In powder metallurgy of ceramics, capillary forces are responsible for the 
migration of a liquid into the pores in between the powder particles. This is often seen in 
techniques such as slip casting, whereby the ceramic powders are mixed with water or 
other types of binders to form a slip, so that the shape-forming process is made easier. 
When a liquid surrounds the powder particles, it tends to concentrate at points of contact 
between the particles forming a ‘neck’ at this region. If two particles are not in direct 
contact, the liquid flows through the pores to form a bridge that ‘pulls’ the two particles 
towards each other. This ‘pulling’ force is caused by surface tension trying to minimize 
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the particle-pore interfacial area and energy. For amorphous materials such as glasses, 
densification occurs by viscous flow. The initial stage of viscous flow also involves the 
growth of a ‘neck’ at the point of contact between two particles. The neck growth process 
may be further divided into a sequence of events, which were pointed out by Mazur [71], 
and further analyzed mathematically by Lin [72]. Mazur’s results show that the sintering 
of small particles can proceed by an adhesive contact force existing between the particles, 
and that neck growth between the particles occurs due to the mere fact that the particles 
are in close proximity to each other. Sintering of larger powder particles would require 
surface tension forces to cause densification by viscous flow, as the adhesive force 
between the particles is not sufficient to cause sintering. This, in turn, would require 
higher sintering temperatures, or longer sintering times. Lin’s analysis also proved this, 
by showing that the extent of coalescence for smaller particles would be much more than 
that for larger particles for the same duration of sintering. 
 
 When fabricating the single layer coupons using the ground glass powder or the 
ball-milled powder at a constant laser power of 20W and scan speed of 200mm/sec, the 
laser beam can only cause melting on the surface of the powder bed. Due to insufficient 
heat input into the powder bed, the powder particles slightly deeper in the powder bed are 
not fully melted. Hence, the molten material formed on the surface consolidates into 
spheres to attain minimum free surface energy (Figs. 5.5(a), (b) and 5.6(a)). The 
difference between the two cases is the extent of coalescence of the powder particles 
beneath the melted regions. For the ground glass powder, particle coalescence and 
necking cannot occur. In contrast, Fig. 5.6(b) shows that the heat from the laser is 
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sufficient to cause particle coalescence for the ball-milled powder. Generally, for 
irregularly shaped particles, the packing factor and coordination number are less than 
those of spherical shaped powders, and the average distance between the particles also 
increases as the particle size increases [73]. As such, capillary and viscous forces will 
result in a greater ability for particle coalescence to occur for the smaller ball-milled 
powders [74]. As alluded to the earlier explanation, particle coalescence by viscous flow 


















5.2.2.2 Effect of varying incident laser power and scan speed 
 
As the laser power is increased to 40W, and the scan speed reduced to between 50 
and 100mm/sec, the heat from the laser beam results in melting of the ball-milled powder 
bed to a depth of 200 to 300µm (Figs. 5.8(b) and 5.9(c)). Generally, increasing the 
incident laser energy will lead to an increase in the melted depth, unlike that seen in Figs. 
5.6(a) and 5.7, where only the surface of the powder bed is melted. The pores on the 
surface of the single layer coupon in Figs. 5.8(a) and 5.9(a) resemble that obtained by Niu 
[75] in his investigation of SLS of M3/2 and M2 high-speed steel powders. The porosity 
in that work was attributed to the effect of Marangoni flow as a result of surface tension 
gradients on the melt pool surface. The melt formed per single line scanned by the laser 
flowed towards the center of the scan track, resulting in poor bonding and wettability 
between successive scan tracks, and pores being formed consequently. This was linked to 
the high oxygen content of M3/2 powders. The black arrows seen in Fig. 5.9(b) show that 
the bonding or wettability of the individual scan tracks during the fabrication of a single 
layer coupon is generally good. As such, Marangoni surface tension driven flows most 
probably do not result in the flow of molten material in any particular direction as the 
laser beam scans the powder bed line by line. Pores parallel to the laser scan direction 
seen on the surface of the single layer coupons in Figs. 5.8(a) and 5.9(a) is probably 
caused by the vapourisation of material. Sequential melting at the edge of the laser and 
vapourisation at the center of the laser would occur at a particular point on the powder 
bed. When vapourisation of material occurs at a particular region, that region becomes 
void of any material, and the high viscosity of molten glass makes it difficult for the melt 
adjacent to the vapourised regions to flow and eliminate the porosity. 
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The large spherical pores seen on the fractured surface of the single layer coupon 
in Fig 5.8(b) may be ascribed to complete melting occurring in the upper regions of the 
powder bed. The intensity of the laser beam decays with increasing depth into the powder 
bed. Therefore, the temperature attained by the powder at the surface of the powder bed 
will be much higher than that for powder present deeper within the powder bed. 
Complete melting at the upper regions of the powder bed would result in extensive gas 
evolution in these regions, and coalescence of the gas bubbles to form large pores. Rapid 
cooling after laser melting would result in the entrapment of these pores [76,77].         
 
 Fig. 5.11(a) schematically illustrates the occurrence of “balling” for the larger 
ground glass powder, while Fig. 5.11(b) shows the “balling” process when using the 
smaller ball-milled powder at lower laser energy densities. Finally, Fig. 5.11(c) shows the 
laser causing complete melting of the powder bed to give a single layer coupon of 
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Fig. 5.11: “Balling” phenomena occurring during laser irradiation at different laser 
energy densities. (a) ground glass powder particles regardless of incident laser 
energy density, (b) the ball-milled powder particles (at low laser energy density), 
and (c) no “balling” occurring when powder bed is fully melted to a substantial 
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Table 4: Occurrence of various phenomena (eg. “balling” and vapourisation), depending on process 
parameters; diamonds in respective boxes are indicative of that process taking place, with 
corresponding reasons mentioned in brackets immediately below each diamond. 
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Chapter 6: FABRICATION OF BULK PART – 





 This section aims to build bulk parts with the ball-milled powder using varying 
laser energy densities. The surface morphology, interlayer bonding, structural changes 




6.1.1 Effect of laser energy density 
 
6.1.1.1 Low laser energy density  
 
 Bulk parts were fabricated at different laser energy density regimes. When a bulk 
part was made using a low laser energy density (e.g. laser power of 20W, with scan speed 
of 200mm/sec), coalescence of the powder within each powder layer took place, but the 
layers did not sufficiently bond with the underlying layers to give sufficient strength to 
the part. The previously deposited layers were observed to be dislodged or broken off 
from the rest of the structure when fresh powder was layered and scraped to form the 
powder bed. 
 
6.1.1.2 Intermediate laser energy density 
 
To enhance the bonding and strength of various layers to one another, 
intermediate laser energy density was used, by increasing the laser power to 30W and 
decreasing the laser scan speed to 150mm/sec. A bulk part obtained using this laser 
energy density is shown in Fig. 6.1. A detailed surface morphology of this part is shown 
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in the SEM micrograph in Fig. 6.2(a). The surface is relatively smooth and flat without 
the formation of any balls. Small isolated pores parallel to the laser scan direction are 
seen. Fig. 6.2(b) is the side view of the bulk part shown in Fig. 6.1, which consists of 25 
layers, with the base plate removed. Fig. 6.2(c) is an SEM micrograph showing the 
interlayer bonding between the layers at higher magnifications. Depositing fresh powder 
above a previous layer and using the blade to level the powder bed did not result in the 
previous layers breaking off, and bonding between the layers improved slightly as 
compared to when using low laser energy densities. However, pronounced gaps were still 
observed between the layers. The quality of bonding between the layers is generally poor. 
The edges of the bulk part are also rough, and significant cracking was seen, especially at 




Fig. 6.1: A bulk part fabricated using a laser power of 30W and scan 





























































Fig. 6.2: (a) Top surface of a bulk part made using laser power of 30W and a 
scan speed of 150mm/sec, (b) layered morphology of a bulk part, and (c) high 
magnification image showing the layered structure with relatively poor interlayer 
bonding. 
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6.1.1.3 High laser energy density 
 
As the laser power was further increased to 50W, and the scan speed decreased to 
50mm/sec, the bulk part as shown in Fig. 6.3 was formed. In this case, “balling” occurred 
after depositing and melting a few layers. As seen from Fig. 6.3(a), the surface of the 
bulk part is no longer flat and consists of numerous spheres. A magnified image of the 
surface is shown in Fig. 6.3(b), revealing a very uneven and irregular surface 
morphology. When “balling” occurred, it was difficult to deposit a subsequent layer of 
powder. Once a few (about 7 or 8) layers were deposited and melted, leading to the onset 
of “balling”, flattening a subsequently deposited powder layer became difficult, due to 
the irregular surface formed as a result of “balling” and curling caused by increased heat 
input into the powder bed. The arrows in Fig. 6.3(c) show pronounced curling of the 
individual layers at the edges of the bulk part. This may be expected due to the very high 
thermal gradients and rapid contraction during the cooling process immediately after 
being irradiated by the laser, especially at regions near the edge of the part. Uneven 
cooling rates may have also existed between the inner regions and the edge of the bulk 
part, leaving behind residual stresses in the structure.   
 
 It is difficult to determine the nature of the bond between the alternate layers by 
merely looking at the bonding at the edges due to the observed curling. In order to 
investigate the quality of bonding occurring internally during SLM at high laser 
intensities, SEM micrographs were taken on the cut surface of the bulk part. A 
micrograph of the cut surface is shown in Fig. 6.4. This surface is perpendicular to the 
build plane of the part in order to observe how the melted powder in a particular layer 
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consolidated on top of the previously melted layers. The region circled in white in Fig. 
6.4(a) has been magnified and shown in another SEM micrograph in Fig. 6.4(b). This 
micrograph reveals that total melting of the powder particles was possible, and that high 
densification was attained within each of the layers. The melted material appears to be 
‘deposited onto’ previous layers, and is able to adapt to the shape of the underlying layers 
when soft. There are no pores between the layers for the bulk part made using high laser 
intensities.  
 
All the bulk parts fabricated in the high laser energy density regime show a dark 
appearance. In contrast, the bulk parts that were fabricated under intermediate laser 
energy densities reveals a light brown colour. Heat-treatment of the parts in a furnace 

























































Fig. 6.3: (a) Surface morphology of the bulk part made at the laser power of 
50W and the scan speed of 50mm/sec, (b) top surface showing the occurrence of 
“balling”, and (c) interlayer structure, showing significant curling at the edges of 















































Fig. 6.4: (a) Morphology of the fractured surface for multiple layer part fabricated at 
high laser energy densities, and (b) a magnified SEM micrograph of the region circled 
in white in Fig. 6.4(a).   
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6.1.2 Phase characterization and density measurements 
 
6.1.2.1 Intermediate laser energy density 
 
Figs. 6.5(a) through (d) show the XRD patterns of the ball-milled powder, bulk 
parts fabricated under intermediate laser intensity, as well as the parts that were heat-
treated at various crystallization temperatures after laser fabrication. Comparing Figs. 
6.5(a) and (b), it is clearly seen that the bulk part fabricated under intermediate laser 
intensity remains amorphous after laser fabrication. Upon heat-treatment of these parts in 
a furnace, crystalline glass-ceramics were formed. It was found that formation of beta-
quartz glass-ceramic took place after heat-treating at a temperature of 950°C for 4 hours, 
while a temperature of 1100°C for 4 hours led to the formation of beta-spodumene glass-
ceramic. The XRD spectrums of the respective crystalline parts obtained after heat-
treatment are shown in Fig. 6.5(c) (for beta-quartz), and Fig. 6.5(d) (for beta-spodumene).  
 
 The bulk part made at intermediate laser intensity (30W, 150mm/sec) has about 
60% theoretical density. The density of the heat-treated parts was slightly greater than the 
original laser-fabricated part. The part that was crystallized to form beta-quartz glass-
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Fig. 6.5: XRD spectra of: (a) amorphous ball-milled glass powder, (b) bulk 
part fabricated under an intermediate laser intensity, (c) heat-treated part at 
950°C, forming beta-quartz glass-ceramic, and (d) heat-treated part at 1100°C 
forming beta-spodumene glass-ceramic. 
 
6.1.2.2 High laser energy density 
 
 In comparison, the bulk part that was fabricated at high laser intensity, which led 
to a dark appearance, shows significant crystallinity right after the laser irradiation, as 
seen by the presence of well-defined narrow peaks in the XRD spectrum in Fig. 6.6. The 
diffuse halo superimposed in the background in this figure suggests that some regions 
within the bulk part are still amorphous. The crystalline peaks correspond to that of beta-
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Fig. 6.6: XRD spectrum of bulk part fabricated under high laser energy 
density, showing an almost completely crystalline beta-quartz phase 




















6.2.1 Effect of laser energy density 
 
6.2.1.1 Densification regime 
 
From the results obtained, it can be seen that the bulk parts may be fabricated 
according to two different regimes based on the laser energy input into the powder bed.  
Using intermediate laser energy density results in minimal viscous flow of the powder, 
namely small superheating above the glass transition temperature Tg of the powder. The 
highly viscous glass cannot conform to the shape of the previously deposited layers 
resulting in pores between the layers as seen in Fig. 6.2(c). In contrast, at high laser 
intensity, the temperature attained by the powder bed is much higher, and complete 
melting of the powder bed occurs. The melted layers are able to form almost fully dense 
material, and adapt to the shape of previously deposited layers [78]. This is seen in Fig. 
6.4(b), in which there is a well-wetted bond line between the different layers. 
  
6.2.1.2 Laser-induced phase transformations  
 
 For the bulk parts fabricated under intermediate laser intensity, the existence of an 
amorphous phase may be expected due to rapid cooling immediately after laser 
processing. SEM micrographs in Fig. 6.2 show that the powders are not completely 
melted, but merely sintered. The temperature attained by the powder is below the 
crystallization temperature of the ball-milled powder as seen in the DSC thermograms in 
Fig. 4.9. The formation of crystalline phases is only possible after heat-treatment of the 
amorphous laser-fabricated parts, using heat-treatment procedures at high temperatures 
for extended durations. 
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 The XRD spectrum of the bulk part fabricated using high laser intensity (which 
had a dark appearance) showed that crystallization had occurred immediately after laser 
fabrication. In order to investigate the occurrence of crystallization for the bulk parts 
fabricated under high laser energy density, bulk pieces of cast glass were irradiated using 







































Chapter 7: LASER-INDUCED PHASE TRANSFORMATION 
OF LAS GLASS – RESULTS AND DISCUSSION IV 
 
7.1 Photo-induced darkening of bulk glass 
 
7.1.1 Experimental procedure 
  
The bulk parts fabricated with the glass powder at a high laser energy density are 
crystalline and show dark appearance. In order to determine the cause of crystallization 
and darkening, bulk cast glass pieces with regular surfaces were exposed to intense laser 
irradiation. The frit glass obtained during glass fabrication has very irregular shape, and 
was first cut into regular pieces using a diamond wheel. The regularly shaped glass pieces 
were then cleaned with acetone, and exposed to intense laser irradiation.  
 
Darkening of the glass surfaces was observed only when bulk glass pieces were 
exposed to laser powers higher than 50W with scan speeds lower than 50mm/sec. EDX 
line-scans were performed at the interface between the original and darkened glass 
surface. Some of the darkened glass pieces were subsequently annealed in an oxidizing 
furnace in order to investigate the effect of annealing on the darkening process. XRD 
characterization was performed on three samples: 1) the darkened glass surface, 2) the 
darkened glass surface that was later annealed, and 3) conventionally annealed glass 
surface. XPS was performed on the darkened surface, and quantitative values of the 
various elements were obtained, and compared with that of the original glass powders, to 
see if there was any change in the relative elemental amounts before and after darkening. 
The darkened surface was also carefully removed from the bulk glass piece, and crushed 
into a fine powder using a porcelain mortar and pestle, until the powder had a particle 
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size in the range of 38 to 63µm. The crushed powder was then analyzed using DSC to 
investigate if there were any changes in the thermal behaviour of the glass upon 
darkening. Raman spectroscopy was performed on the surface of the cast, darkened and 
annealed glass surfaces. The excitation source was a Jobin Yvon T64000 micro-Raman 
triple-grating system. The excitation source was an Ar+ ion laser of λ = 514.5nm, with 
power of 5mW. Raman spectra of the samples were recorded in the range of 100-
1000cm-1.     
 
The conditions used during characterization of the darkened glass (using SEM 




7.2.1 Physical observation of darkening 
 
 A bright “yellow” flame was seen whenever the laser beam struck the glass 
surface when using a laser power of 50W and a scan speed of 50mm/sec. The irradiated 
surface appeared dark thereafter, as shown in Fig. 7.1(a). This combination of laser 
power and scan speed was around the threshold value found for the onset of darkening. 
Using any combination of laser power and scan speed below 50W, 50mm/sec did not 
result in any visible darkening, and the surfaces of the bulk glass remained transparent 
even after laser irradiation. Annealing the darkened glass at 1000°C for 5 hrs resulted in a 
significant loss of darkening, with the surface attaining a mild purple colour thereafter 
(shown in Fig. 7.1(b)). Annealing at temperatures lower than 1000°C for similar time 
durations resulted in only a slight loss of darkening. After annealing, the undarkened 
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surfaces (which were not exposed to laser irradiation), and the remainder of the bulk 





































Fig. 7.1: (a) bulk glass surface after exposure to high laser intensities, and (b): 
the same surface after heat treatment at 1000°C for 5 hrs.  
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7.2.2 Electron microscopy and energy-dispersive X-ray spectroscopy 
 
EDX line-scans were performed to investigate if there were any differences in 
elemental quantities before and after darkening. In order to make a fair comparison 
between the original and darkened glass surfaces, only part of the cut surface of a glass 
piece was exposed to intense laser irradiation, giving a surface that was partially 
transparent (original glass) and partially darkened (irradiated with laser). The dotted 
white line shown in Fig. 7.2(a) represents the interface between the original and darkened 
glass surfaces. EDX line-scans were then performed across the interface between the 
original and darkened regions. The EDX line-scanning method provides a qualitative 
means of showing the variation or abundance of the different elements with respect to 
one another along the scanned line. The procedure was allowed to go to completion 
(10000 frames), and variation in the quantities of Si, Al, Ti and O along the scanned line 
was measured. Li is not detectable with the current EDX facility.  
  
EDX line-scan results at the interface between the original glass surface and the 
darkened glass surface is shown in Fig. 7.2(b). For the original glass surface (to the left of 
the dotted line), the relative amounts of Si, Al, Ti and O are similar, but upon darkening 
(to the right of the dotted line), the signals received from Al and Ti are much higher than 














































Fig. 7.2: (a) SEM micrograph of the original and darkened glass surface separated 
by the dotted line, and (b) corresponding EDX line scan for individual elements at 
the interface between the original and darkened glass. Vertical dotted lines in (b) 















































Fig. 7.3: XPS wide-scan spectra of (a): darkened glass surface, and (b): darkened glass 
surface that was sputtered with Ar+ ions for 20 mins. 
The XPS spectrum of the darkened glass surface is shown in Fig. 7.3(a), revealing a very 
strong C 1s peak for the darkened surface. Ar+ ion sputtering was performed for 20 mins 
on the darkened surface, in order to make the peaks from the other elements more 
distinct. A sputtering time of 20mins was used in order to remove the surface carbon, but 
at the same time, to minimize the amount of Si and Al lost through sputtering. The XPS 
wide-scan spectrum of the sputtered surface is shown in Fig. 7.3(b), revealing the 
presence of Si 2p, Si 2s, Al 2p and Al 2s peaks. Quantitative analysis of the various 
elements present was performed. However, it was not possible to determine if the 
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contribution to the peak intensity for O came from the oxygen present in the glass, or 
from contamination existing even after sputtering. As such, the integrated intensity (area 
under the peaks) of the oxygen peak in quantitative calculations was deliberately omitted. 
The same was done for carbon. Based on the values of the integrated intensity for Si 2p, 
Al 2p and Ti 2p after sputtering, the quantities of these three elements were calculated, 
for both the original ground glass powders and the darkened bulk glass surface. The 
equation used in this case was  
 
    ni/(nSi + nAl + nTi) = (Ii/Si)/(ISi/SSi + IAl/SAl + ITi/STi)             (7.1) 
 
where subscript i refers to the each of the individual elements (Si, Al or Ti), n refers to 
number of atoms of the particular element, Ix represents the integrated intensity (i.e. area) 
under the peak for a particular element, and Sx represents the atomic sensitivity factor for 
each element. Tables 5(a) and (b) show the values of Ii/Si for the ground glass powders, 
and the darkened, sputtered glass surface, respectively. 
 
         Element, i Ii/Si    Element, i  Ii/Si
               Si                975        Si  697.2 
               Al             344        Al            536 
               Ti             39.5         Ti   61 
 
              (a)         (b) 
 
Table 5: Values of Ii/Si for the elements Si, Al and Ti, for :(a) ground glass 







The results show that the ratio of nSi/(nSi+nAl+nTi) decreases from 0.7177 for the ground 
glass powders, to 0.5387, after sputtering of the darkened surface. The ratio of 
nAl/(nSi+nAl+nTi) and nTi/(nSi+nAl+nTi) increases after darkening. Hence, it is likely that 
there is loss of Si upon darkening.   
 
7.2.4 X-ray diffractometry 
 
Fig. 7.4 shows the XRD spectra of (a) and (b) darkened glass surface, (c) 
darkened surface that was annealed at 1000°C, and (d) undarkened surface annealed at 
1000°C. To ascertain the phases formed on the darkened surfaces, XRD measurements 
were taken from the surfaces of two separate glass pieces that were darkened upon 
exposure to high laser intensities. Similar laser parameters (50W, 50mm/sec) were used 
when irradiating both glass pieces. XRD results of the darkened glass surfaces are shown 
in Fig. 7.4(a) and (b) for the two glass pieces, indicating that total crystallization had 
taken place. This is seen by the absence of a broad halo in the XRD spectrum, with sharp 
peaks occurring only at certain diffraction angles. To elucidate the phases formed during 
darkening, the XRD spectra in Fig. 7.4(a) and 7.4(b) were magnified and shown in Fig. 
7.5. The peaks marked by circles possibly belong to TiO2 (anatase), while those marked 
with triangles possibly correspond to peaks belonging to beta-quartz. There are some 
peaks with rather significant intensities, which are difficult to identify. The darkening 
process results in roughly the same phases being formed for both samples.  
 
The XRD spectrum of the darkened surface that was later annealed is shown in 
Fig. 7.4(c). This spectrum shows that a beta-quartz crystal phase formed after annealing 
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at 1000°C for 5hrs. At the same time, an XRD scan was performed on the same piece of 
glass as (c), but of the annealed undarkened surface (ie. the conventionally annealed 
surface). The XRD spectrum of this surface is shown in Fig. 7.4(d). The conventionally 
annealed glass surface has higher peak intensity than the annealed darkened surface. The 
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Fig. 7.4: XRD spectra of: (a) darkened surface of bulk glass piece, (b) darkened 
surface of another bulk glass piece, (c) surface of heat-treated darkened glass, and (d) 
same piece of glass as (c) but in this case XRD is taken on the surface that was not 












































Fig. 7.5: XRD spectra of darkened surface of two pieces of bulk glass 












(201) (200)       (105) (101) 
                
* 
(110) 
(112)        (211)      
* 
* 
    (204)   (116) (220)   (
*             
215)  
* 










7.2.5 Raman spectroscopy 
 
 







































Fig. 7.6: Raman spectra obtained from the surfaces of: (a) original cast glass, (b) 
darkened glass, and (c) darkened glass that was annealed. 
 
Fig. 7.6 shows a comparison of the Raman spectra taken from the surfaces of the cast 
glass, the darkened glass, and the darkened glass that was annealed. The most promiment 
difference between these three spectra is the growth in intensity of the peak at 
wavenumber of 145-150cm-1. This peak can be assigned to a TiO2 (anatase) phase [79], 
showing that laser-induced darkening resulted in the spontaneous formation of this phase 
in the glass. The Raman peaks for the TiO2 phase which should exist at other 
wavenumbers (eg. at 409cm-1, 515cm-1 and 633cm-1) [79], are not all that well resolved. 
Also, no distinct Raman peak can be seen for the quartz phase that may have been formed 
(revealed by XRD). The broad peak with weak intensity at about 480 – 490cm-1 (marked 
by an arrow) seen in spectrum (c) may correspond to the formation of a crystalline phase 
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other than anatase (eg. quartz). Gorlich et al. [80] performed Raman Spectroscopy of 
lithium aluminosilicate glasses and found that a prominent peak existed at wavenumber 
of 487cm-1, which showed better definition (ie. narrower, with higher peak intensity) as 
the glass was annealed to form a glass-ceramic. This band was identified as belonging to 
a Si-O bending vibration and a Al-O stretching vibration. Generally, narrow, sharp 
Raman peaks with high intensities for a particular phase are indicative of a high level of 
order (ie. significant crystallinity) within the lattice structure for that phase.     
 
 
7.2.6 Thermal analysis 
 
DSC thermograms of the ground and darkened powders in the size range of 38µm 
to 63µm are shown in Fig. 7.7(a) and (b) respectively. The first exothermic peak 
corresponds to the crystallization of beta-quartz. It can be seen that the peak 
crystallization temperature of the original glass powders is slightly lower (970°C) than 
that for the darkened glass powders (almost 1000°C). Also, the area under the exotherm 

















































































The results presented show that intense laser irradiation on the bulk glass surface 
causes the loss of Si (and possibly O) ions from the glass network and simultaneous 
nucleation of TiO2. The loss of Si (and O) would result in damage to the glass surface, 
leaving defects in the glass network. As seen for the single line scan results performed 
with the ball-milled powders in Chapter 5, the vapourization process involves the 
conversion of laser energy to thermal energy, through increased vibration of the atoms in 
the lattice, and loss of material from the glass structure. Vapourization of material would 
cause weakening and dissociation of bonds in the glass structure. Seward [81] reported 
that ultraviolet laser radiation could cause densification of fused silica glass, and that the 
process was accompanied by simultaneous breaking or weakening of bonds in the glass 
network. Jiang [82] found that femtosecond laser irradiation of various optical glasses 
resulted in darkening, which was attributed to the presence of electron- or hole-trapped 
defect colouring centres. The loss of darkening after annealing at 1000°C for 5hrs would 
probably be due to diffusion of material during annealing above Tg, resulting in a slight 
recovery of the extent of defects formed upon intense laser irradiation. A review paper by 
Pfeiffer [83] on the photodarkening of amorphous chalcogenide glasses describes the 
process as one which is reversible upon annealing, and in which changes of the 
amorphous structure are accompanied by changes in electronic structure.   
 
The XRD and the Raman spectra obtained for the darkened glass surface reveals 
the formation of a crystalline TiO2 (anatase) phase. The absence of a TiO2 peak in the 
Raman spectra of the original glass indicates that there was no phase separation occurring 
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during quenching when fabricating the glass, and that TiO2 was dissolved into the 
amorphous structure during glass melting. The limited solubility of TiO2 in glass would 
make it easier to precipitate out of the amorphous structure to form regions that have 
long-range order [84]. Hence, upon irradiation of the glass by the laser, a crystalline TiO2 
phase would be expected to precipitate out of the amorphous glass network.    
 
The non-isothermal crystallization kinetics of glasses by DSC or differential 
thermal analysis (DTA) may be expressed by the equation  
 
-ln(1-α) = (AN/βm) exp (-mEg/RT)                           (7.2) 
 
where α represents the volume fraction crystallized at temperature T, β is the heating rate 
employed during the DSC test, N is the number of nuclei for crystal growth, and m is a 
parameter related to the crystallization mechanism (surface or volume crystallization) 
[85,86]. The constant A is a parameter specific to the type of glass. Eg represents the 
activation energy for crystallization of the parent glass and R is the molar gas constant. 
This equation applies if the glasses are heated at a constant rate in the nucleation 
temperature range and crystallized in the growth temperature range at different heating 
rates. Assuming that both original and darkened glass powders are not saturated with 
nuclei, additional nuclei can form in the glass during a DSC or DTA run [87]. The total 
number of nuclei per unit volume may be expressed as  
 
N = NS + NP + NDSC                                   (7.3) 
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where NS represents the number of surface nuclei (which is proportional to the powder 
particle surface area), NP represents the number of nuclei formed during a previous heat-
treatment, and NDSC represents the number of nuclei formed during the DSC or DTA run 
(which is inversely proportional to the heating rate employed during the DSC or DTA 
run). Equation 7.2 can be used to show that the higher the number of nuclei N, the lower 
the peak crystallization temperature Tp during the DSC runs. It is also well known that 
the area under the exothermic peak is proportional to the amount of untransformed 
(amorphous) glass crystallizing during the DSC run [88]. If a glass were heat-treated 
(crystallized) to a certain degree prior to a DSC run, the area under the crystallization 
peak would be much smaller, as some of the glass would have already been crystallized 
during heat-treatment, leaving less parent glass (amorphous) available for crystallization 
during the DSC run. 
 
In the present case, it is reasonable to assume that after the DSC run, there would 
be more TiO2 nuclei in the darkened glass powders than the original glass powders (the 
particle size range of the original and darkened glass powders is the same ie. 38 to 63µm, 
and a similar heating rate was employed for both DSC runs; the only difference between 
the two samples is the number of nuclei formed by laser-induced darkening). Based on 
eqns. 7.2 and 7.3, the crystallization process is therefore expected to shift to lower 
temperatures for the darkened glass powders compared to the original glass powders. An 
example of this work was performed by Lee [89], who used a pulsed Nd:YAG laser to 
enhance the crystallization of a Li2O.Al2O3.SiO2 glass. CeO2 and Ag2O were added to the 
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batch when preparing the glass, and laser irradiation of the glass caused photon-induced 
nucleation of Ag particles through the following reaction: 
 
Ce3+ + Ag+                           Ce4+ + Ag                           (7.4) 
 
The metallic Ag particles would act as nuclei for the subsequent crystal growth. XRD 
tests showed a crystalline LiAlSi3O8 phase forming at lower heat-treatment temperatures 
in the laser-irradiated glass compared to the original glass. This was attributed to an 
increased number of nuclei present in the laser-irradiated glass.  
  
This similar phenomenon of a shift in crystallization temperature to a lower value 
is seen in our case, when comparing the XRD results of the glass-ceramics prepared from 
the original ball-milled glass powders to that of the bulk part fabricated under 
intermediate laser irradiation (see Figs. 6.2 and 6.5). Fig. 4.13 shows that for the ball-
milled powders, a beta-spodumene phase crystallizes at around 1250°C when 
continuously heating from room temperature to this annealing temperature. However, the 
bulk part fabricated with the ball-milled powders using intermediate laser intensities (ie. 
30W, 150mm/sec) shows that the part remains amorphous after laser irradiation, but that 
the beta-spodumene phase crystallizes at a much lower annealing temperature of 1100°C 
(Fig. 6.5(d)). Laser irradiation of the glass at intermediate laser intensities would 
probably cause the precipitation of TiO2 nuclei (which causes the beta-spodumene phase 
to form at a lower annealing temperature of 1100°C instead of 1250°C), but no 
significant loss of material by vapourization. The results agree with that seen when cast 
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glass pieces are irradiated at laser intensities of 30W, 150mm/sec, which show no 
darkening of the glass surface.  
 
On the other hand, the DSC results of the darkened glass powders show that the 
area under the crystallization peak for the darkened glass powders is much smaller than 
that of the original glass powders. This would mean that smaller quantities of glass are 
crystallizing during DSC of the darkened glass powders. Thus, despite the presence of 
TiO2 nuclei in the darkened glass powders before the DSC run, there would be less parent 
glass available for crystallization during the DSC run, due to the loss of material by 
vapourization. The DSC results agree well with the XRD results in Figs. 7.4(c) and (d), 
which shows that the crystallinity of the original heat-treated glass is better than that of 
the darkened, heat-treated surface. 
 
The difference observed in the XRD spectra of the bulk part made from the ball-
milled glass powder (Fig. 6.6) and the bulk glass irradiated under high laser intensity 
(Fig. 7.5) is due to the temperature attained by the glass during laser irradiation. The glass 
powders irradiated with high laser intensity are totally melted (Fig. 6.4), whereas, the 
bulk glass surface irradiated by the laser is merely annealed. The melted glass powder 
would attain temperatures in excess of that in which the beta-quartz crystal phase forms. 
During cooling, the melt is expected to pass through the temperature range in which 
crystal growth occurs (corresponding to the peak of the DSC thermogram seen for the 
ball-milled powders). However, the temperature attained by the bulk glass surface during 
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laser irradiation would be expected to lie below the onset of crystallization, and as such, 























Chapter 8: CONCLUSIONS 
 
 
Selective laser melting of Lithium Aluminosilicate glass powders was performed. 
The following conclusions regarding the densification mechanism and phase 
transformation during laser irradiation may be made, depending on the process 
parameters: 
 
1. The single line scan results indicate that in order to prevent the melt from 
agglomerating into spheres, a very small powder particle size distribution 
(typically in the range of 2-20µm) and a slow laser scan speed must be used. 
Complete melting of the powder bed can form fully dense material and is 
essential for continuous scan tracks to be formed. The liquid cylinders do not 
break up into spheres by Rayleigh Instability, due to the low surface tension and 
high viscosity of glass in the molten state. When using the larger ground glass 
powders, the melt agglomerates into spheres regardless of the incident laser 
energy density. 
2. When small powder particle size is used, material vapourization as a result of 
laser ablation occurs, with two continuous tracks being formed per single line 
scan.  
3. When fabricating single layer coupons with the ball-milled powders, increasing 
the laser energy density results in an increase in the melted depth. Coalescence of 
powder particles by viscous flow may occur beneath the melted regions. 
However, this was only observed for the ball-milled powders and not for the 
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larger ground glass powders, probably due to the longer times needed for 
coalescence of larger particles.  
4. Good bonding can be achieved between the individual scan lines during SLM of 
the ball-milled powders. The formation of pores on the surface of the single layer 
coupons is attributed to the effect of material vapourization, and not due to 
surface tension gradient effects across the laser beam (ie. Marangoni flow) 
5. Using intermediate laser energy density (eg. 30W, 150mm/sec) to fabricate bulk 
parts results in poor bonding between the individual layers. The powders in this 
case are not fully melted, but rather densified by viscous coalescence. The bulk 
part fabricated using this laser parameter is amorphous. In contrast, the bulk part 
fabricated under high laser energy density (eg. 50W, 50mm/sec) shows that the 
powder bed was totally melted. Also, these parts were crystalline, comprising a 
beta-quartz crystal phase. 
6. Irradiation of bulk lithium aluminosilicate glass pieces at high laser energy 
density causes defects to form in the glass, due to loss of ions such as Si and O 
(observed by energy-dispersive X-ray spectroscopy and X-ray photoelectron 
spectroscopy). At the same time, a TiO2 phase was precipitated (seen by X-ray 
diffraction and Raman spectroscopy), due to the low solubility of this phase in the 
glass. Differential scanning calorimetry of the darkened glass powder (formed 
after exposure of original glass to intense laser irradiation) showed smaller 
quantities of parent glass transforming compared to the original ground glass 
powder. This was attributed to loss of material by vapourization, despite the 
increased number of nuclei in the darkened glass.     
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Chapter 9: RECOMMENDATIONS  
FOR FUTURE WORK 
 
For future research in this area, the following may be considered: 
 
1. Fabrication of submicron glass powder using soft chemistry techniques (e.g. sol-
gel) may be considered due to advantages such as lower sintering temperatures 
and times. However, spreading the powder to form a powder bed of flat topology 
would be difficult, due to agglomeration of submicron particles. Techniques to 
disperse the powder must be performed. Gels formed by the sol-gel technique 
may also be used as a means of infiltration for the porous bulk glass parts 
obtained in this work. 
 
2. Crystallization occurring during exposure of the glass to high laser intensities 
should be investigated using transmission electron microscopy (TEM).  
 
3. XPS has shown that after darkening, there is a large amount of carbon and oxygen 
on the glass surface. Investigation into the origin of these species may be 
performed. The breaking of bonds during laser ablation might leave ions on the 
surface with unsatisfied valencies, and cause atmospheric species (such as carbon 
and oxygen) to be adsorbed onto the surface. More accurate means of quantifying 
the extent of defect formation would have to be found. The breaking of bonds 
might leave various types of defects in silica-based glasses (such as Si E’- centre 
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non-bridging oxygen hole center (NBOHC) pair), which may be looked into using 
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